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Lithium ion batteries (LIBs) are playing an increasingly important role in our everyday 
life. LIBs are powering consumer electronics (e.g., cameras, smartphones, laptops), 
electric vehicles and large-scale industrial facilities. Also, LIBs are important energy 
storage systems for renewable energies like solar and wind. With respect to 
conventional LIBs, typically, the cathode material is LiCoO2 and the anode material is 
graphite. However, the upper limit of the conventional LIBs cannot meet the long-term 
needs of the rapidly developing society, for instance, extended-range of electric vehicles. 
In this regard, next-generation battery types are highly needed to build up a more 
sustainable society. 
Li-S batteries, with high theoretical capacity of 1675 mA h g–1 and high theoretical 
energy density of 2600 W h kg–1, is a promising candidate for next-generation 
high-energy batteries. Also, the low cost and abundance of sulphur is an attracting 
advantage for Li-S batteries. In order to achieve the high capacity and high energy 
density of Li-S batteries, two severe problems should be overcome, that is, the poor 
electrical conductivity, as well as the dissolution and shuttling of the intermediate 
products of lithium polysulphides.  
In addition to Li-S batteries, another lithium-based battery type, Li-organic batteries, are 
also attracting great interest. Organic molecules as cathode materials for lithium 
batteries show great promise for their sustainability and structure tunability. However, 
similar to Li-S batteries, the dissolution problem of the electroactive organic species 
leads to severe self-discharge and quick capacity decay. 
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Considering the similar problems between Li-S and Li-organic batteries, i.e., the 
dissolution and shuttling of the electroactive species (polysulphides anions or organic 
molecules/anions), strategies based varied membrane materials have been applied in 
order to achieve stable Li-S and Li-organic batteries. Several works based on this 
similar concept have been carried out and the main points are stated as below. 
An integrated sulphur cathode with ion-transport regulating polymer membrane 
wrapping the sulphur/mesoporous carbon (CMK-3) composite is reported. Sulphonated 
poly (ether ether ketone), an ion-containing polymer, possesses excellent film-forming 
ability. The polymer film contains both hydrophobic domain of polymer backbone and 
hydrophilic domain of sulphonate groups. The ion interactions of negative sulphonate 
groups form negatively charged nanochannels. Thus, the novel cathode with 
asymmetric nanochannels system composed of the nanoporous membrane and the 
carbon nanochannels regulates the ion transport by facilitating lithium ions and rejecting 
polysulphides; meanwhile, the electron conductivity is ensured. Our novel design of the 
integrated cathode renders faster lithium-ion transport, which significantly reduces the 
resistance. Besides, the polysulphide rejection alleviates the active material loss. 
Therefore, these merits together enable superior high-rate long-cycle Li-S batteries. For 
instance, at an ultrahigh rate of 18 C, a high specific capacity of 612 mA h g–1 is 
retained over 250 cycles, with excellent capacity retention of 91%. 
A new lithium-sulphur battery with a hydrothermally treated graphite film sandwiched 
between the separator and the sulphur cathode shows increased capacity, enhanced 
cycling stability and improved Coulombic efficiency. After 50 cycles, a high capacity of 
631 mA h g-1 is maintained, compared to 203 mA h g-1 for the Li-S battery with 
conventional configuration. Moreover, the Coulombic efficiency is increased to near 
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100% from around 94%. This improved electrochemical performance could be 
attributed to the new cell configuration, for the graphite film greatly retains the active 
material by alleviating the polysulphide shuttling problem and providing extra reaction 
sites for sulphur species. 
A thin bicomponent laminate composed of graphene oxide (GO) and nanoscale 
conductive carbon coated on the microporous polymer substrate as a new configured 
separator for stable lithium-organic batteries is presented. The sub-laminate with 
reconstructed GO sheets forms numerous negatively charged nanochannels, which 
permselectively allow the transport of lithium ions and reject the electroactive organic 
anions; meanwhile, the other sub-laminate with the nanoscale conductive carbon 
functions as the upper current collector for reactivating the electroactive organic species. 
In this work, two typical carbonyl electrode materials with respectively two 
(anthraquinone, AQ) and four (perylene-3,4,9,10-tetracarboxylic dianhydride, PTCDA) 
carbonyl groups are applied as examples. Compared to the pristine polymer separator, 
the coating of the bicomponent laminate enables significantly alleviated self-discharge, 
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1 CHAPTER 1 INTRODUCTION 
Energy is one of the key factors that drives the world forward to supply a better life for 
every human being. Since the industrial revolution in the 18th century, the world has 
been transformed at a much faster speed than before, owing to many key inventions, 
many of which are related to energy. The exploitation of fossil fuels such as coal and 
petroleum in the last two centuries has brought a better life and brighter future for our 
generations living in the 21st century. The consumption of fossil fuels has helped to 
build up the modern world, but constant energy crises have inspired the exploration of 
renewable forms of energy. 
Renewable forms of energy such as wind and solar power have a formidable common 
problem, that is, they are affected by the natural environment and are hard to control 
and manage. Therefore, energy storage systems have become very important for better 
exploitation of renewable energy. Rechargeable lithium ion batteries (LIBs), due to their 
high capacity, high energy density and reliability, have become an important option 
among the many electrochemical energy storage systems like redox flow cells and Na-S 
batteries, etc. LIBs have so far been the most favorable and widely-used battery type, as 
compared with nickel metal hydride (Ni-MH) batteries, lead-acid batteries, etc. Their 
attractive characteristics, as well as their high safety and low cost, has caused LIBs to be 
widely used in consumer electronics (e.g., cameras, cellular phones, laptop computers), 
electric vehicles, and large-scale industrial facilities.  
With the research and development during the last two decades, LIBs have almost 
reached the theoretical limit of capacity and energy density, which, however, need 
further improvement to meet the ever-growing demand for high energy density and 
requirements such as light weight, small size, low cost, and environmental compatibility. 
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In this context, next-generation batteries are gaining increasingly greater attention. In 
this thesis, two lithium-based battery types, that is, Li-S and Li-organic batteries, are 
investigated. In the case of Li-S batteries, sulphur has a high theoretical specific 
capacity (1675 mA h g-1) and energy density (2600 kW h kg-1) approximately 10 and 5 
times those of the conventional intercalation cathode, respectively. The low cost and the 
abundance of the sulphur are also great advantages. With respect to the organic 
molecules as cathode materials, they have merits including cost-effectiveness, 
sustainability, chemical tunability and environmental-friendliness, etc., and hence are 
attracting world-wide attention for application in rechargeable lithium batteries. 
Both the sulphur cathode and the organic cathode have a similar common problem, that 
is, both the intermediate products of lithium polysulphide in Li-S batteries and the 
organic molecules/anions in Li-organic batteries are soluble the aprotic electrolytes and 
result in shuttling problems. The active material loss causes rapid capacity decay and 
poor Coulombic efficiency.  
To overcome these formidable drawbacks, approaches related to the main components 
(the electrodes, the electrolyte and the separator) and the cell configuration (insertion of 
interlayers) have been reported. A wide range of carbon materials have been utilized to 
form composites with sulphur or organic molecules. Other applied materials include 
conductive polymers, metal oxides, etc. With respect to the electrolytes, for examples, 
varied additives are used in order to mitigate the polysulphide shuttling problem in Li-S 
batteries. Ion selective materials used for independent or dependent separators in Li-S or 
Li-organic batteries achieve highly stable batteries and improve the Coulombic 
efficiencies. In this thesis, through membrane design, the utilization of the active 
material is greatly improved, the capacity and cycling stability are significantly 
enhanced.  
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The structure of this thesis is presented as follows. 
Chapter 1 introduces the general background, major problems, the approaches that have 
been applied in addressing these problems in Li-S and Li-organic batteries, and the 
general strategies utilized in this thesis. 
Chapter 2 presents a literature review on Li-S and Li-organic batteries, including the 
history of batteries, general principles, working mechanisms, basic concepts, and recent 
advances in these areas. 
Chapter 3 includes the list of materials used in this thesis, as well as the experimental 
procedures, synthesis approaches, electrode preparation, cell assembly, and physical and 
electrochemical characterization methods. 
Chapter 4 studies the synthesis of a new polymer material, sulphonated poly(ether ether 
ketone), and its application as the binder material for the sufur cathode in Li-S batteries. 
The ion-regulation property of this polymer material was researched from both 
theoretical and experimental aspects. By demonstration with Li-S batteries, the cycling 
stability and the rate capability have been greatly improved. 
Chapters 5 investigate a simple strategy by inserting a piece of graphite paper between 
the separator and the sulphur cathode to modify the cell configuration of the Li-S 
battery. The sandwiched graphite film greatly improves the active material utilization 
and enhances the cycling stability, as well as the Coulombic efficiency. 
Chapters 6 presents the investigation of Li-organic batteries with the molecules of AQ 
and PTCDA, respectively, as the cathode active material and modified separators coated 
with GO/G and GO/SP, respectively, as the separator. With the ion-selectivity of GO 
and the reactivating ability of the conductive carbon, the stability of the Li-organic 
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batteries has been greatly improved. Further, the open circuit voltages have been 
significantly stabilized and the Coulombic efficiencies have been impressively 
ameliorated. 
Chapter 7 is the general conclusions of this thesis and recommendations for further 




2 CHAPTER 2 LITERATURE REVIEW 
2.1 Lithium-ion batteries 
2.1.1 General Background 
Lithium ion batteries (LIBs) are playing an important role in our everyday lives.1-16 
Commercial cell phones and laptop computers rely on LIBs for supplying their 
electrical power. The rapid development of transportation electrification depends on the 
high energy density and the relatively acceptable price of LIBs. To build a more 
sustainable society, renewable sources of energy such as solar and wind power need  
 
Figure 2.1 The wide-ranging applications of rechargeable batteries.4 
energy storage systems for better exploitation and utilization of such intermittent energy 
systems, and for this purpose, LIBs have been an important candidate. LIBs can also be 
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used as energy storage and conversion devices for large-scale industrial facilities. 
Typical applications of LIBs, as well as some high-energy rechargeable batteries, are 
shown in Figure 2.1. 
2.1.2 Brief History 
LIBs can be considered the most favorable battery system in the market, but the 
evolution of batteries has required more than two centuries. The history of battery 
development has witnessed the control and use of electricity and electrical energy, and 
the design of new power sources with increasingly improved energy storage capabilities, 
lower cost, evolved electrochemical systems, and dependence on advanced materials 
sciences and technologies.17 Compared to other commercialized battery systems, LIBs 
exhibit appealing advantages in terms of energy and power densities, and they dominate 
a large proportion of market for application in portable electronics and electrified 
transportation.3 
 




The invention of batteries can be dated back to more than two centuries ago. In 1800, 
Alessandro Volta invented the first power source in human history, for which 
achievement, his name was chosen to name the unit of potential. Then, the lead-acid 
battery, one of the most important rechargeable power sources, was commercialized in 
1882. Even nowadays, lead-acid batteries are still being widely used due to their low 
price, although their capacity and energy density are relatively low. The reversible 
electrochemical reactions in the lead-acid battery are presented in Equation (2.1). 
PbO2 + 2H2SO4 + Pb ⇔  2PbSO4 + 2H2O                              (2.1) 
Later, at the beginning of the 20th century, nickel-cadmium batteries were 
commercialized and greatly developed in the 1980s. Their reversible reaction is shown 
in the equation below. 
Cd + 2NiOOH + 4H2O ⇔ Cd (OH)2 + 2Ni (OH)2 ∙ H2O, 𝐸0 = 1.30 V  (2.2) 
where E0 is the standard electrode potential. 
Nevertheless, because of the toxicity of cadmium and their troublesome memory effect, 
nickel-cadmium batteries were partly replaced by nickel-metal (M) hydride batteries. 
The charge/discharge reaction is as follows. 
M + 𝑥Ni(OH)2  ⇔ MH𝑥 + 𝑥NiOOH,      𝐸0 = 1.30 V                    (2.3) 
The aforementioned battery systems use poisonous heavy metals such as lead or 
cadmium, which causes serious environmental problems. In addition, their low 
discharge voltages, low capacities and low energy densities have been unable to satisfy 
the ever-growing demands due to rapid technological development, particularly on 
consumer electronics, electric vehicles, and new energy sources such as solar and wind. 
Therefore, high-performance rechargeable batteries with high energy density and low 
price are highly desirable. To define a high-performance battery, there are 16 important 
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parameters to meet: (1) a high and stable discharge voltage plateau; (2) high energy 
density relative to the weight (W h/kg) or the volume (W h/L); (3) low internal 
resistance; (4) high power density (W/kg or W/L); (5) a wide range of working 
temperature; (6) long shelf life; (7) long cycle life; (8) low price; (9) high safety, high 
reliability, and high stability; (10) good sealing, without electrolyte leakage; (11) 
feasible and environmental friendly electrode materials; (12) recyclability of the utilized 
materials; (13) high charge/discharge efficiency; (14) high-rate property; (15) durable 
under over-charge and over-discharge; and (16) easily maintained. Although the 
specific requirements are different for varied types of batteries, some of them are 
common, for instance, high energy density, high output power density, long cycle life, 
stable discharge voltage plateau, and high-rate charge and discharge. 
Owing to the properties of lithium, with the lightest weight among all the metals, the 
lowest oxidation/reduction potential, and the highest energy density (W h/kg), 
rechargeable lithium batteries have been a promising alternative new energy source. Li 
is the most electronegative metal, with electrochemical potential of -3.04 V (vs. 
standard hydrogen potential, SHE) and molecular weight of 6.94 g mol–1 (specific 
gravity ρ = 0.53 g cm-3), respectively. LIBs possess energy density approximately 3 
times higher and power density 6 times higher than those of nickel metal hydride 
(Ni-MH), Ni-Cd, and lead acid batteries, respectively.  
Before the 1980s, the research on the rechargeable LIBs was focused on those with 
anodes composed of lithium metal and lithium alloys. In the charge process, however, 
the rough surface of the lithium metal causes uneven surface potential and uneven 
lithium deposition. During the deposition of the lithium metal, in some specific areas, 
lithium is deposited much more rapidly and produces lithium dendrites. The lithium 
dendrites grow as the battery is cycled. On the one hand, some of the dendrites break 
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and form “dead lithium”, which is unrecyclable; on the other hand, more seriously, the 
lithium dendrites penetrate through the separator, electrically connect the cathode and 
the anode, cause an internal short circuit, produce much heat, and make the battery 
catch fire or even explode. 
In the 1970s, the Exxon Company invented a Li//TiS2 battery system, with the 
charge/discharge process shown below: 
𝑥Li + TiS2  ⇔ Li𝑥TiS2                                              （2.4） 
Although the effort of commercializing this product failed, this invention was a 
landmark attempt in the decades’ long effort to finding the proper material and structure 
for a commercial rechargeable LIB. Researchers concluded that the cycle life of the 
Li//TiS2 battery system could not be further prolonged for practical application owing to 
the following two important reasons. First, the utilization of lithium metal as the anode 
causes a serious safety issue due to the formation of lithium dendrite. Second, the 
lithium metal might react with the electrolyte and result in unstable operation. 
The first breakthrough came when John B. Goodenough proposed LiCoO2 as the 
cathode material for rechargeable LIBs in 1980. Lithium ions could be intercalated into 
or deintercalated out of the layered structure of LiCoO2 during charge/discharge.  
LiCoO2  ⇔ Li1−𝑥CoO2 + 𝑥Li
+ + 𝑥𝑒−                          （2.5） 
After a decade’s effort, researchers found that graphite performed very well as the 
anode material. In charge, lithium ions intercalate between the graphene layers and form 
the intercalation compound LiC6. In discharge, the lithium ions deintercalate out of the 
layered structure of graphite. By coupling the LiCoO2 cathode and the graphite anode, 
the new structure for the lithium ion battery greatly decreased the safety hazard caused 
by the usage of lithium metal as the anode and was successfully commercialized in 
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1991 by the SONY Company. The working mechanism of the graphite//LiCoO2 cell is 
shown in Figure 2.2. 
 
Figure 2.3 Working mechanism of a “rocking-chair” lithium ion battery with graphite as 
the anode, organic liquid electrolyte, and LiCoO2 cathode.
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Since the successful commercialization of the LIBs, the research on power sources has 
opened up a new chapter, considering the evident merits of the LIBs compared to the 
aforementioned power supply systems, due to advantages including (1) high output 
voltage (3.6 V), triple those for Ni-Cd and Ni-MH batteries; (2) high energy density, (3) 
high power density; (4) low self-discharge, significantly outperforming Ni-Cd and 
Ni-MH batteries; (5) no memory effect, unlike Ni-Cd and Ni-MH batteries, and 
excellent cycling stability; (6) high-rate performance; (7) high charge/discharge 
efficiency; (8) wide range of working temperature; and (9) long cycle life, generally 
above 1000 cycles, with LiFePO4 cells achieving more than 3000 cycles. As can be seen 
from Figure 2.3, both the energy and power densities of LIBs are significantly higher 
than for other types of commercial batteries.3 
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2.1.3 Basic concepts 
Batteries are an important type of electrochemical energy storage system. Each cell of a 
battery has several important components: the cathode, the anode, the porous separator, 
and the liquid electrolyte. The battery converts chemical energy to electrical energy. 
Chemical reactions take place on the cathode (reduction half-reaction) and the anode 
(oxidation half-reaction) and drive the ionic component to migrate inside the cell. 
Meanwhile, to keep the charge equilibrium, electrons are forced to pass along the 
external electric circuit between the cathode and the anode. Hence, an external 
electronic current I at a voltage V for a time period Δt is produced. In relation to LIBs, 
some important concepts are listed as below. 
1. Primary battery: a battery that can only be discharged once, as it is unable to be 
recharged and reused.  
2. Rechargeable/secondary battery: a battery that can be charged/discharged 
repeatedly. 
3. Cathode: the oxidant electrode, where electrochemical reduction occurs in discharge. 
In the charge process, the oxidation reaction takes place. 
4. Anode: the reductant electrode, where electrochemical oxidation occurs in discharge. 
During the charge process, the reduction reaction takes place. 
5. Intercalation: the process by which lithium ions migrate into the layered structure of 
a cathode material. 
6. Deintercalation: the process by which lithium ions are removed from the layered 
structure of a cathode material. 
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7. Open-circuit voltage (OCV): the voltage between the cathode and the anode when 
there is no current flow along the external electric circuit. 
8. Discharge: the process in which chemical energy is turned into electric energy, 
during which, electric current flows along the external electric circuit. 
9. Charge: the process in which electrical energy is turned into chemical energy, for 
which a power source is used to restore the voltage and capacity of the cell. 
10. Discharge/charge curve: the voltage-time curve in discharge/charge. 
11. Discharge/charge capacity: the quantity of electric charge released in 
discharge/charge, with units of A h, or mA h. 
12. Depth of discharge (DOD): the percentage of the released capacity with respect to 
the whole discharge capacity. 
13. Discharge/charge rate: A measure of how fast the discharge takes place and how 
long it takes for the whole discharge/charge process. For example, if the whole 
discharge/charge process is completed in 1 h, the discharge rate is 1 C; if it takes 5 h, 
then the discharge/charge rate is 0.2 C. 
14. Coulombic efficiency: Under certain charge/discharge conditions, the ratio between 
the discharged quantity of electric charge and the charged quantity of electric 
charge. 
15. Self-discharge: The capacity loss when the battery is stored but has no electrical 
connection with other devices. 
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16. Internal resistance: the overall resistance between the cathode and the anode, 
including the resistances assigned to the current collectors, the electrode laminates, 
the separator, and the electrolyte. 
17. Internal shortage: the state in which the cathode and the anode are electrically 
connected inside the cell, normally because of damage to the separator, lithium 
dendrites, impurities, etc. 
18. Shelf/storage life: The period of time during which the electrochemical performance 
of a battery degrades to a specific extent (normally defined artificially). 
19. Cycle life: Under certain conditions, the cycle number at which the capacity or other 
electrochemical properties can no longer be retained above a certain level after 
repeated charge and discharge. 
20. Capacity density: the quantity of electric charge released by one unit (weight or 
volume) of electrode material, with units of mA h/L or mA h/kg. 
21. Energy density: the energy released by one unit (weight or volume) of electrode 
material, with units of W h/L or W h/kg. 
22. Power density: the power released by one unit (weight or volume) of electrode 
material, with units of W/L or W/kg. 
23. Lithium-sulphur battery: a type of lithium battery with sulphur as the cathode 
material and lithium metal as the anode. 
24. Lithium-organic battery: a type of lithium battery with an electroactive organic 
molecule or polymer as the cathode material and lithium metal as the anode. 
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2.1.4 Cathode materials 
The development of suitable cathode and anode materials has been the key obstacle for 
low-cost high-performance LIBs (Figure 2.4). Materials scientists and engineers have 
endeavored to advance the material chemistry and physics of LIBs. 
 
Figure 2.4 Cathode and anode materials for LIBs, and their capacities and potentials.5 
The cathode materials can be broadly divided into three important categories according 
to their crystalline structures. They are the α-NaFeO2, spinel, and olivine structures. 
LiCoO2, which is the most important representative of the α-NaFeO2 structured cathode 
materials, is the most widely applied and the first cathode material to be successfully 
commercialized (Figure 2.5).18, 19 α-NaFeO2 has a distorted rock-salt structure, in which 
the cations are ordered in alternating planes (Figure 2.5). This type of material can also 
be called a layered structure material. Because the first-generation LIBs are assembled 
with LiCoO2 cathodes and graphite anodes, both of which are layered structure 




Figure 2.5 Layered α-NaFeO2 structure with lithium ions between the transition metal 
planes.20 
Although LiCoO2 has had both historical and practical importance during the last two 
decades, great efforts have been put into developing alternative cathode materials to 
lower the cost, improve the environmental friendliness, and enhance the stability. The 
transition metal in the LiCoO2 is more expensive, less abundant, and more unfriendly to 
the environment compared to other transition metals such as Fe, Ni, and Mn. Also, the 
stability of LiCoO2 needs further improvement, because it can degrade when 
overcharged, causing performance decay or failure.21, 22 The capacity can be improved 
by increasing the charging voltage, but the cycling stability is greatly harmed at the 
same time.23 The reasons for the cycling degradation are stated as follows: First, the Co 
can be dissolved in the electrolyte during the processes of lithium intercalation and 
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deintercalation.24 Second, the CoO2 layer is stripped from the electrode surface after full 
delithiation.25 Third, the lattice parameters undergo significant change during the 
lithiation and delithiation, leading to stresses and cracking of the LiCoO2 particles.
26  
Another α-NaFeO2 structured cathode material is LiNiO2, which has a lower cost and 
has higher energy density, but it is less ordered and more unstable compared with 
LiCoO2. The lower degree of order impedes the lithium intercalation and deintercalation. 
A solution to this problem involves doping with Co in order to maintain the 
performance while taking advantage of the low cost and high energy density of Ni. 
LiMnO2 has a monoclinic structure, which is transformed to a layered hexagonal 
structure during cycling. The addition of Ni, or both Ni and Co, results in the formation 
of the α-NaFeO2 structure. This ternary cathode material, i.e., LiNi1/3Mn1/3Co1/3O2, 
exhibits a high operating voltage, and improved capacity and rate performance.27  
 
Figure 2.6 (a ,b) High-resolution TEM images of 0.7Li2MnO3•0.3Li4Mn5O12 showing 
the co-existence of layered (Li2MnO3) and spinel (Li4Mn5O12) domains.
28 
The spinel structure, as represented by LiMn2O4, is another important structure for 
commercialized LIB cathode materials.20, 29-33 In the spinel structure, Mn occupies the 
octahedral sites and lithium occupies the tetrahedral sites. The difference between the 
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layered and the spinel structure can be clearly seen in Figure 2.6. The nanoparticle in 
the transmission electron microscope (TEM) images of 0.7Li2MnO3•0.3Li4Mn5O12 is 
composed of layered Li2MnO3 and spinel Li4Mn5O12 structures.
28 In the spinel structure, 
the lithiation and delithiation paths are through a three-dimensional network rather than 
planes as in the α-NaFeO2 structure. LiMn2O4 features lower cost and higher safety than 
LiCoO2, but it has lower capacity. A major challenge for LiMn2O4 as LIB cathode 
material is the phase change during cycling. Another problem is the capacity loss due to 
Mn dissolution in the electrolyte or changes in the particle crystallinity. In order to 
further improve the electrochemical performance, the crystalline structure of LiMn2O4 
can be doped with various transition metal elements.34-37 The addition of Co improves 
the cycling stability by stabilizing the spinel crystal structure, and Fe leads to an 
additional discharge plateau at high voltages. More commonly, Ni is added to decrease 
the lattice parameter and improve the electrical conductivity of LiMn2O4. 
Another successful cathode material, LiFePO4, has the olivine structure. In this 
crystalline structure, P occupies tetrahedral sites, Fe or other transition metals occupies 
octahedral sites, and Li is located in one-dimensional chains along the [010] direction. 
During the charge process, i.e. the delithiation process, the Fe2+ in the FePO4 is oxidized 
to Fe3+. In the change from LiFePO4 to FePO4, some Fe ions occupy lithium sites to 
maintain charge neutrality in the crystal structure. LiFePO4 has a flat discharge profile, 
which is favorable for practical application. Nevertheless, the electronic conductivity is 
relatively low (10–9 S cm–1) for pure LiFePO4. Typically, additives are added to increase 
the conductivity. Fe2P is a typical additive, although the amount should be carefully 
controlled, because larger amounts might block the lithium ion pathways in LiFePO4. 
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Two other phosphate candidates are LiCoPO4 and LiMnPO4, both of which have higher 
open circuit voltages but lower capacities. 
 
Figure 2.7 Structures of orthorhombic LiFePO4 and trigonal FePO4.
20 
2.1.5 Anode materials 
The most successful anode material for LIBs is graphite, which enabled the 
commercialization of LIBs by the SONY Company in 1991. Lithium metal is the most 
promising anode material due to its high capacity, but the safety problem is still 
unresolved. Here, several typical anode materials are presented as examples. 
The first type of anode material is graphite, which was coupled with LiCoO2 in the first 
successful commercialized LIB by the SONY Company in 1991. The theoretical 
specific capacity is 372 mA h g–1, with LiC6 as the final lithiation product. Typical 
voltage profiles of the graphite anode and the lithiation/delithiation mechanism can be 
seen in Figure 2.8. It should be noted that a stable solid-electrolyte interphase (SEI) is 
critical for the stable operation of the graphite anode.38-40The electrolyte41, the binder42, 
43, or the electrode additive can be all tuned to encourage the deposition of a stable SEI. 
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In addition, artificial SEI layers have been reported for long-cycling graphite anodes.44, 
45 
 
Figure 2.8 Voltage curves of graphite tested in 1 M LiClO4 in propylene carbonate (PC) 
and 1 M LiAsF6 in PC: ethylene carbonate (EC) (1:1, v/v) electrolytes. (b) Schematic 
illustration of the formation of the SEI layer by decomposition of EC-based electrolyte.7 
Another kind of anode materials is composed of the Group IV elements that form 
lithium alloys, including Si, Ge, Sn, and Pb (Figure 2.9). These four elements all have 
higher capacities than graphite. In particular, the capacity of Si, 4200 mA h g–1, is the 
highest among all these elements (Figure 2.10). For this reason, Si has received the most 
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attention, although Si is also severely plagued by the problems of unstable SEI films 
and the large volume expansion (300%). Prof. Cui Yi’s group has conducted a series of 
excellent works on this interesting material by exploiting nanotechnology.46-48  
 
Figure 2.9 Crystal structures and capacities of Group IV elements. (a) Crystal structures 
of cubic Si (blue), cubic Ge (green), tetragonal Sn (red), and cubic Pb (orange). (b) 
Gravimetric (left) and volumetric (right) capacities of graphite (LiC6), Si (Li4.4Si), Ge 





Figure 2.10 Typical charge/discharge voltage profiles of Si anode for the first and 
second cycles.49 
The third important type of anode material consists of metal oxides, which have already 
been very well reviewed.50 Roughly, the metal oxide anodes can be categorized into the 
following several groups: Li intercalation-deintercalation anodes, Li alloying-dealloying 
anodes, conversion-reaction anodes, and those based on both alloying and conversion 
reactions (Figure 2.11). 
Lithium metal, which has proved dangerous for usage as the anode, is now regaining 
interest. On the one hand, the high capacity and energy density of the lithium metal 
makes it very attractive for building high-energy battery systems. On the other hand, 
with the quick development of nanotechnology and characterization techniques such as 
in-situ TEM, researchers have gradually been equipped with the necessary methods and 
tools for the study of the lithium metal anode. The main approach to improving the 
safety and cycling stability of lithium metal anode is to construct stable SEI films and 
suppress the lithium dendrites.51-54 For instance, Zheng et al. applied a thin-film coating 
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consisting of interconnected carbon spheres on lithium metal anode to suppress the 
lithium dendrite growth and improve the cycling stability.51 
 
Figure 2.11 Metal oxide materials as anode in LIBs.50 
 
Figure 2.12 (a, b) Schematic diagram of lithium dendrite suppression by coating a thin 




The separator is an important component in the LIB, which is located between the 
cathode and the anode. The separator protects the cathode and the anode from direct 
electrical contact, while it also functions as the reservoir for the electrolyte and allows 
the transport of lithium ions. A detailed description of the development of separators 
can be seen in several important review papers on LIB separators.55, 56 
Typically, there are three types of separators, including microporous polymer 
membranes, non-woven fabric mats, and inorganic composite separators. Some basic 
requirements on LIB separators relate to chemical stability, thickness, porosity, pore 
size, permeability, mechanical strength, wettability, dimensional stability, thermal 
shrinkage, thermal shutdown, and cost. In order to improve some key properties of 
separators, several approaches can be applied, including surface modification and 
polymer or ceramic coating of the separator surface. 
In this thesis, the most widely used type of separator, i.e. the microporous polymer 
separator, is introduced. Some important companies that produce this kind of separator 
include Celgard, Degussa, Exxon, and Entek. The main separator polymer materials are 
polyethylene and polypropylene, and the production processes can be divided into two 
categories (Figure 2.13). One is the dry process, which consists of heating, extruding, 
annealing, and stretching steps. That is, the polymer is heated to its melting point and 
then extruded to form a nonporous polymer film, which is annealed and then stretched 
to form the final product. The other one is the wet process, which employs the solvent 
extraction, including four steps. The first step is mixing and heating the polymer, 
hydrocarbon liquid, and additives to form the polymer solution. Then, the polymer 
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solution is extruded into a nonporous polymer film. The third step is solvent extraction 
to produce a microporous polymer film, which is then stretched into a microporous 
polymer membrane as the final product. The difference in morphology between the 
dry-process and wet-process separators is revealed in Figure 2.14.  
 
Figure 2.13 Fabrication processes for microporous polymer membrane separators: (a) 
dry and (b) wet processes.56 
 
Figure 2.14 SEM images of separators fabricated by the (a) dry and (b) wet processes.57 
2.1.7 Electrolytes 
Nonaqueous liquid electrolytes are solutions composed of carbonate based solvents and 
Li salts. The typical carbonate solvents are propylene carbonate (PC), ethylene 
carbonate (EC), and linear dialkyl carbonates, such as dimethyl carbonate (DMC), 
diethyl carbonate (DEC), ethylmethyl carbonate (EMC), and propylmethyl carbonate 
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(PMC). The Li salts are lithium perchlorate (LiClO4), lithium hexafluoroarsenate 
(LiAsF6), lithium tetrafluoroborate (LiBF4), lithium trifluoromethanesulphonate (LiTf), 
lithium bis(trifluoromethanesulphonyl)imide (LiIm), and lithium hexafluorophosphate 
(LiPF6). Other systems of electrolytes include ionic liquids, polymers, inorganic 
ceramics, etc. Some typical electrolytes are listed in Table 2.1. 
Table 2-1 Nonaqueous electrolytes for LIBs.7 
 
2.2 Li-S batteries 
2.2.1 Background and principles of Li-S batteries 
The state-of-the-art LIBs have almost completely dominated the battery market for 
applications in portable electronics and electric vehicles, although the theoretical 
capacity and energy density of the LIBs have limited the further improvement of this 
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battery technology. In order to construct a more sustainable and cost-effective energy 
storage system, battery types with higher specific capacity and energy density are 
desired. 
Li-S batteries, with compelling high specific capacity of 1675 mA h g–1 and high energy 
density of 2600 W h kg–1, have been a promising candidate for next-generation 
high-energy lithium batteries.58-73 With a long history dating back to the 1960s, Li-S 
batteries have recently been back in vogue owing to the ever-growing demand for 
batteries with high energy density for application in transportation and stationary energy 
storage. It can be expected that packed Li-S batteries are able to extend the range of 
electric vehicles to the standard of 500 km per charge. In addition, the abundance, low 
cost, and non-toxicity of elemental S endow Li-S batteries with important 
characteristics such as economic sustainability and environmental friendliness. 
 
Figure 2.15 The challenges of Li-S batteries.60 
Elemental sulphur is reduced to soluble lithium polysulphides and then solid Li2S/Li2S2 
in discharge, and vice versa in charge. The Li-S batteries face several critical challenges 
27 
 
(Figure 2.15).60 First, both the S and the Li2S/Li2S2 are insulating solids, and hence are 
plagued by sluggish electrochemical kinetics. Second, the i lithium polysulphide 
intermediate products can dissolve in the electrolyte and shuttle between the cathode 
and the anode, causing quick capacity decay and poor Coulombic efficiency. To 
overcome these issues, varied strategies have been applied. The most important work 
that marked the revival of Li-S batteries was reported in 2009 by Prof. Nazar’s group.74 
They described a significantly improved Li-S cell with high practical capacity and 
stable cycling. Since then, the Li-S battery has gained ever-growing attention and 
undergone rapid development. All the main components of the Li-S battery have been 
investigated based upon varied principles and strategies. In this thesis, recent 
developments on the cathode material, the polymer binder, the cell configuration, the 
separator, and the electrolyte will be briefly reviewed. 
2.2.2 Advanced sulphur composite cathodes 
Sulphur as the electroactive material is plagued by two critical problems, i.e., its poor 
electrical conductivity, and the dissolution and shuttling of the intermediate products of 
polysulphide anions. To address these two key challenges, the development of novel 
sulphur composite cathode materials has received the most attention. Nano-confining 
sulphur inside a carbon framework can both increase the conductivity and alleviate the 
dissolution of the polysulphides. In this section, the three most important sulphur 
composites: sulphur-carbon75-82, sulphur-conductive polymer83, 84, and sulphur-metal 





Figure 2.16 Scanning electron microscope (SEM) images of the S/CMK-3 composite (a) 
before and (b) after heating and (c, d) the corresponding charge/discharge voltage 
profiles, respectively.74 
The most typical sulphur/carbon composite used in Li-S batteries was reported by Prof. 
Nazar’s group (Figure 2.16).74 Sulphur was mixed with a type of mesoporous carbon, 
CMK-3, and heated at 155oC. At this temperature, the sulphur has already been melted, 
and the viscosity reaches its lowest value. Under capillary forces, the sulphur flows into 
the pores of CMK-3. Hence, the sulphur is confined in the mesopores of CMK-3 and 
has intimate contact with the carbon nanofibers, which significantly facilitates the 
electron transfer. In addition, this highly ordered structure of CMK-3 allows quick 
lithium-ion ingress/egress for reaction with sulphur. The confinement of sulphur in the 
nanopores inhibits the diffusion of the intermediate polysulphide products and decreases 
the dissolution of the polysulphides, thereby retaining the sulphur species inside the 
electrode for electrochemical reactions. Moreover, a chemical gradient was formed on 
the carbon surface to further retard the sulphur species. In result, a high capacity of 
1320 mA h g–1 was obtained, compared to the typical 300−500 mA h g–1 using other 
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approaches, as previously reported by other groups. This novel “melt-diffusion” 
strategy has since been broadly applied for preparing a wide range of sulphur/carbon 
composites.76, 77, 87-89 A new chapter has been opened in the development of advanced 
sulphur composite cathodes. 
 
Figure 2.17 (a) Preparation of a core-shell sulphur-polyaniline composite, with the 
yellow balls representing sulphur, the dark green shell representing polyaniline, and the 
black shell representing vulcanized polyaniline. (b) SEM image of the core-shell 
S-polyaniline composite, and (c) the corresponding particle size distribution.90 
Sulphur/conductive polymer composites have also been reported to be capable of 
stabilizing electrochemical charge/discharge cycling. Zhou et al. prepared a 
S-polyaniline yolk-shell composite for advanced sulphur composite cathodes (Figure 
2.17).90 The rapid capacity decay of a typical Li-S battery is due to the poor 
conductivity of sulphur, the polysulphide dissolution, and the volume expansion. In this 
yolk-shell design, the conductivity of polyaniline and the internal void space inside the 
polyaniline shell can alleviate all three problems. The authors compared the 
performances of the core-shell and yolk-shell designs and found that the latter one 
presents improved cycling, because the internal void space inside the polyaniline shell 
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accommodates the volume expansion during the sulphur lithiation process. The 
yolk-shell structure exhibits stable cycling over 200 cycles and a high capacity of 765 
mA h g–1 at 0.2 C. In the case of sulphur/conductive polymer composites, a series of 
sulphur/polyacrylonitrile91-95 or sulphur/polyacrylonitrile/carbon84, 96-98 composites have 
been prepared by Wang et al. for advance sulphur composite cathodes. This 
sulphur/conductive polymer composite strategy was reviewed in 2011 by Yang et al.99  
 
Figure 2.18 Diagram illustrating the chemical/physical processes in the reduction of 
sulphur on a solid surface. (a) On reduction of S8, the polysulphides on the carbon 
surface are directly dissolved in the electrolyte for further electrochemical reduction. (b) 
On reduction of S8, the polysulphides on the Ti4O7 surface are adsorbed for further 




Recently, metal oxides have been found to be a useful type of material for forming 
composites with sulphur for high-performance sulphur cathodes. Compared to carbon 
hosts, which cannot adsorb the polysulphide intermediates or adhere to the solid 
Li2S/Li2S2 products, metal oxides normally can form a favorable interface with Li2S. 
The inherently polar metal oxides provide strong binding points for both polysulphides 
and Li2S, leading to improved retention of the sulphur species for more stable cycling. 
Pang et al. prepared Ti4O7/S cathodes, which exhibited high capacity of 1070 mA h g
–1 
at intermediate rates and a long life of 500 cycles at high rates (Figure 2.18).85 This 
sulphur/metal oxide composite approach has been widely applied by various research 
groups and proved successful for retaining the sulphur species in the electrode and 
achieving stable cycling.86, 100, 101 
2.2.3 Polymer binders for sulphur cathodes 
Lithium-sulphur (Li-S) batteries utilize sulphur as the cathode and lithium metal foil as 
the anode. Although the main attention has been given to the cathode, there are some 
interesting research papers on the binder. The choice of binder materials for Li-S 
batteries has been dominated by two kinds of polymers: polyethylene oxide (PEO) and 
poly(vinylidene difluoride) (PVDF). In the earlier stage of research on Li-S batteries, 
PEO was widely used as the binder. Cheon et al.102 compared sulphur cathodes with 
different amounts (8%, 13% and 18%) of PEO as the binder and found that, with the 
binder taking up a larger weight percentage in the cathode, the cycling performance 
improved correspondingly. Researchers have made efforts to find a better binder than 
PEO, and two successful alternatives were gelatin103-105 and 
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poly(acrylamide-co-diallyldimethylammonium chloride) (AMAC)106. Regarding the 
composite binders carboxymethyl cellulose (CMC) and styrene butadiene rubber (SBR), 
there have been two papers reporting opposite results, with Rao et al.107 claiming that 
CMC + SBR is better than PEO, while Lacey et al.108 reported that PEO is better than 
CMC + SBR. Concerning these two opposite results, the factors that contribute might be 
the differences in various aspects: the sulphur materials (carbon nanofiber (CNF)-S 
composite vs. pure sulphur), the current collectors (carbon-coated Al foil vs. uncoated 
Al foil), the electrolytes (1 M kg-1 lithium bis(trifluoromethylsulphonyl)imide (LiTFSI) 
in N-methyl-N-butylpyrrolidinium bis(trifluoromethaneulphonyl)imide / poly(ethylene 
glycol) dimthyl ether vs. 1 M LiTFSI and 0.25 M LiNO3 in 1, 
2-dimethoxyethane/1,3-dioxolane), and the electrode preparation methods (unknown vs. 
ball milling for 2 h). 
 
Figure 2.19 Cycling performance of polyacrylonitrile (PAN)-S composite cathode with 
PTFE, β-CD, PVDF and C-β-CD (carbonyl β-CD prepared through treatment of β-CD 




Later, PVDF became the mainstream binder for Li-S batteries. Nevertheless, when 
PVDF is applied as the binder, the toxic dispersant N-methyl-2-pyrrolidone (NMP) and 
the longer heating time that are needed for the electrodes are two major disadvantages. 
Therefore, researchers have been searching for environmentally friendly water soluble 
binders which can contribute to better cell performance. Various materials have been 
proved to be better choices than PVDF, and they are CMC + SBR110, polyacrylic acid 
(PAA)111, Na-alginate112 and poly(vinylpyrrolidone) (PVP)113. A recent work114 also 
demonstrated the excellent performance of Li-S batteries with PAA as the binder. 
Through ball milling with polydopamine (PD), sulphur, and 
carboxylic-acid-functionalized multiwall carbon nanotube (MWCNT-COOH), covalent 
bonds that were formed through crosslinking between PD/PAA and 
PD/MWCNT-COOH demonstrated a strong binding effect with sulphur, and good 
cycling performance in the Li-S batteries was achieved. 
Schneider et al115 applied three kinds of water soluble binders (i.e. Nafion®, Teflon®, 
and polyacrylonitrile-CMC) in Li-S batteries and demonstrated them to be promising 
environmentally friendly binders. Carbonyl β-cyclodextrin (C-β-CD)109, which was 
prepared through treatment of β-cyclodextrin (β-CD) with H2O2, can be a better binder 
in Li-S batteries compared with PVDF, polytetrafluroethylene (PTFE), and β-CD. 
2.2.4 Functional separators for Li-S batteries 
Sulphur has been considered a promising candidate as a next-generation cathode 
material due to its high capacity (1675 mA h g–1), abundance, and low cost. Typically, 
the sulphur cathode is a composite between sulphur and a conductive material such as 
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carbon, a conductive polymer, or a metal oxide.116 The sulphur cathode can be coupled 
with lithium metal or sodium metal anodes to construct Li-S or Na-S batteries. 
The elemental sulphur in the sulphur cathode of an Li-S battery is reduced to solid 
Li2S/Li2S2 via intermediate polysulphide products of Li2Sx (4 ≤ x ≤ 8). The lithium 
polysulphide is soluble in the electrolyte, resulting in not only the loss of active material 
from the cathode, but also diffusion of the species to the lithium metal anode to form an 
unstable solid electrolyte interphase on the lithium surface. An unwanted shuttling 
problem is also produced, i.e., the dissolved sulphur species with higher oxidation state 
migrate to the anode for reduction in the charge stage and then return back to the 
cathode for re-oxidation, and so on. 
The separator, which is located between the electrodes and provides channels for the ion 
transport, can be expected to play a critical role in blocking the polysulphide anions 
from diffusing to the anode side. Therefore, an ion-selective membrane allowing the 
transport of lithium ions and rejecting the polysulphide anions is very much needed for 
a stable Li-S or room-temperature Na-S battery. 
One important ion-selective polymer material is Nafion, a commercial product 
developed and produced by the DuPont Company. Nafion is synthesized by 
copolymerization of tetrafluoroethylene (TFE) and a perfluorinated vinyl ether 
comonomer. In 2012, Li-Nafion film was first reported as a functional separator for 
Li-S cells (Figure 2.20).117 The Nafion-212 film was purchased from the Dupont 
Company and ion exchanged with lithium ions in a LiOH solution (solvent: 
H2O/ethanol) at 80
oC; the residual salt was then flushed away using boiling deionized 
water. The successful preparation of Li-Nafion was characterized by Fourier transform 
infrared spectroscopy (FTIR), which showed the disappearance of the peak at 924 cm–1 
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for S-OH stretching and the appearance of a peak at 1630 cm–1 related to the lithium 
ions. By applying the steady-state current method, the transference number of Li+ was 
measured to be 0.986, indicating high permeability for Li+ and low permeability against 
anions. Combined with a commercial Sulphur cathode and ether-based electrolyte, both 
the cycling stability and the Coulombic efficiency were significantly improved (Figure 
2.20). The enhanced cycling performance resulted from the polysulphide-blocking 
property of the Li-Nafion film, as proved by the smooth surface of the lithium anode 
after 50 cycles, while the battery with the conventional separator showed much more 
corrosion and cracks. 
 
Figure 2.20 Improved cycling stability and Coulombic efficiency of the Li-S battery 
with the Nafion separator. 
In 2014, Bauer et al. reported a Li-Nafion coating on polyethylene separator for 
application in Li-S batteries. Nafion was first drop coated on a polyolefin substrate and 
then transformed to Li-Nafion by ion exchange in LiOH solution. The authors 
investigated the influence of the coating density and found that 0.25 mg cm–2 of 
Li-Nafion coating resulted in significantly improved rate performance and charge 
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efficiency compared to the pristine polyolefin separator. Free-standing Li-Nafion 
membrane was also studied as a control separator, which was found to cause a voltage 
drop of approximately 0.2 V, in agreement with the results of a former similar work118. 
That is, a thin layer of Li-Nafion coated on the polyolefin separator can enhance the 
discharge voltage, compared to a lithiated thick commercial Nafion membrane. To 
demonstrate the polysulphide-blocking behavior of the Nafion-coated separator, a 
diffusion experiment was carried out (Figure 2.21). It can be clearly seen that the 
pristine polyolefin separator allows the transport of the polysulphide anions, while the 
Li-Nafion coated separator successfully suppresses the polysulphide diffusion. 
 
Figure 2.21 The Nafion coating on a porous membrane blocks the polysulphide anions 
and allows the transport of lithium ions, as shown by the visual experiment.117 
In 2014, more research on Nafion-coated porous polyolefin substrate as the separator 
for Li-S batteries was reported by Huang et al.119 Unlike the former works on applying 
the lithiated form of the Nafion membrane, here, the protonated Nafion was directly 
utilized, and no further ion exchange with lithium salts was conducted. A coating of 0.7 
mg cm–2 was found to be the optimal choice among three different amounts (0.7, 0.15 
and 3.5 mg cm–2), and the battery with this separator exhibited a long life of 500 cycles 
and greatly improved Coulombic efficiency. With the lower loading of 0.15 mg cm–2, 
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however, it was impossible to form a complete compact film on the porous substrate, 
and there was almost no effect on the electrochemical performance, while the higher 
loading of 3.5 mg cm–2 resulted in severe polarization and degraded cell performance. 
In terms of the underlying mechanism, the authors propose that the sulphonate groups 
form channels with dimensions of several nanometers. Owing to the Coulombic 
interactions, the channels allow the transport of cations (e.g., Li+) by ion hopping and 
reject the anions (e.g., polysulphide anions). This cation selectivity of the Nafion-coated 
separator greatly retards the diffusion of the polysulphides, which is demonstrated by a 
visual experiment, and hence, leads to significantly improved cycling stability (Figure 
2.22). 
 
Figure 2.22 (a) Improved cycling stability and (b, c) rate capability of the separator 
coated with Nafion.119 
The polysulphide-blocking property of the Nafion-based separator was also proved in 
an in-operando imaging experiment in Li-S cells.120 Based on the characteristic color of 
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the intermediate products of polysulphides in the charge/discharge process in Li-S 
batteries, an in-operando imaging setup was applied to directly visualize the temporal 
and spatial distribution of polysulphides, in order to obtain detailed evidence of the 
electrochemical reactions in Li-S cells. Compared with the pristine polyolefin separator, 
the Nafion coated polyolefin separator shows a significant blocking effect on the 
polysulphides, which can be easily understood from the change in the grey level of the 
electrolyte in different degrees of charge/discharge using the in-operando Li-S cell 
design. 
Nafion, whether in its protonated or lithiated form, is selectively permeable for cations 
and against anions, owing to the Coulombic interaction with the inherent negative 
charge borne by the sulphonate groups along the perfluorinated ionomer backbone. The 
successful application of the Nafion-based separator in Li-S batteries can be ascribed to 
its rejection property against the soluble polysulphide anions, which are the 
intermediate products of the sulphur cathode during charge and discharge. In the 
following part, a range of other functional separators with selective permeability are 
presented for application in Li-S batteries. 
Following their own research on Li-Nafion118, Jin et al. developed another 
perfluorinated ionomer polymer, lithium perfluorinated sulphonyl dicyanomethide 
(Li-PFSD), as a functional separator for application in Li-S batteries (Figure 2.23). 121 
The Li-PFSD was prepared by adding the perfluorinated sulphonyl fluoride (PFSF) 
precursor into a mixed solution of lithium hydride (LiH) and malononitrile 
(CH2(CN)2).
122 The Li-PFSD membrane was prepared by the solution-casting method. 
The as-prepared Li-PFSD membrane possesses high ionic conductivity (0.00012 S cm–1) 
and has an excellent transference number (0.958), both of which are evidently improved 
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compared to those parameters for the conventional polyolefin or 
poly(vinylidenefluoride-hexafluoropropylene) (P(VDF-HFP)) membrane. Although the 
three separators show similar initial capacities, the cell with Li-PFSD retains the highest 
capacity (830 mA h g–1) after 100 cycles, and the cells with polyolefin and the 
P(VDF-HFP) separators exhibited much lower capacities of 543 and 509 mA h g–1, 
respectively. Moreover, the Li-PFSD separator possesses much higher Coulombic 
efficiency than the control separators. In a similar way to their former work, scanning 
electron microscope (SEM) images of the lithium metal anodes after cycling were 
obtained to explain the polysulphide-retarding behavior of the Li-PFSD membrane and 
the significantly enhanced Li-S battery performance. 
 
Figure 2.23 Molecular structures of (a) Li-Nafion and (b) Li-PFSD.121 
In 2015, Li et al. described a polymer with intrinsic microporosity (PIM) as a functional 
membrane separator for Li-S batteries.123 The PIM is a non-networked ladder polymer 
that is mechanically and thermally robust. It was solution-casted into a flexible 
free-standing membrane (thickness: 10 μm) for utilization as separator. The specific 
area of the polymer was around 800 m2 g–1 with a nominal pore size of 0.77 nm, which 
was ideal for selectively blocking polysulphide anions in the ether solvent of diglyme, 




Figure 2.24 Significantly improved cycling stability (a) and very good rate performance 
(b) of the Li-S battery with the PIM separator.123 
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the radii of gyration of the solvated polysulphide anions resulted in values between 1.2 
and 1.7 nm, which is larger than the pore size of the PIM. The nominal pore size (17 nm) 
of the polyolefin membrane is far too large, however, for preventing the migration of 
polysulphide anions through the separator. This remarkable difference was investigated 
by a membrane crossover experiment, which showed a 500 times improved 
polysulphide blocking ability of the PIM membrane compared to the polyolefin 
membrane. Given the impressive polysulphide blocking behavior, the PIM membrane 
was employed as the separator in a Li-S flow battery, which showed very significantly 
higher cycling stability than the one with the mesoporous polyolefin separator (Figure 
2.24). 
Ma et al. prepared a cation selective membrane separator based on a cross-linked poly 
(ethylene glycol) (PEG) network for application in Li-S batteries (Figure 2.25).124 To 
enable the function of ion selectivity, sulphonate groups were grafted onto the PEG 
network by copolymerizing poly (ethylene glycol) dimethacrylate (PEGDMA) and 
vinylsulphonic acid salt (VS) under ultraviolet radiation. The as-synthesized membrane 
facilitates electrolyte wetting and lithium ion transport, but it prevents the migration of 
polysulphide anions due to both the small tortuous pores between the PEG molecules 
and the electrostatic repulsion of the polysulphide anions by the pendant negatively 
charged sulphonate groups. The transference number for lithium ions is approximately 
0.99, and the blocking effect for polysulphides was visually observed, demonstrating 
the impressive ion selective transport behavior of the new membrane material. Without 
the need for LiNO3 additive in the electrolyte that is normally used for protecting the 





Figure 2.25 Preparation process for cross-linked PEG membranes with sulphonate 
groups.124 
Polymer materials, including Nafion-based, Li-PFSD, PIM, and PEG-based, have been 
demonstrated as functional separators for Li-S batteries. Other materials that have been 
used as the coating layer or as independent membranes for the Li-S battery separator to 
effectively retard the crossover of the soluble polysulphides will be presented, including 
V2O5, graphene oxide (GO), metal organic framework (MOF), and lithium superionic 
conductor (LISICON). 
In 2014, Li et al. employed a V2O5-based separator for Li-S batteries, exploiting V2O5 
as solid-state lithium-ion conductor and polysulphide anion barrier.125 In order to supply 
sufficient lithium ion transport through the separator, a thin V2O5 layer (1 μm thick) was 
coated on a polyolefin separator substrate, because the lithium-ion diffusion coefficient 
of V2O5 is inferior to that of the liquid electrolyte (~3 × 10
–12 vs. 4 × 10–9 cm2 s–1). 
Moreover, to achieve a well-adhered crack-free V2O5 coating to strongly prevent the 
crossover of polysulphide anions, a V2O5 sol-gel was coated on the polyolefin separator 




Figure 2.26 Charge/discharge profiles of the Li-S cells with and without the V2O5 
barrier, indicating that the one without the V2O5 barrier cannot be charged to 3 V while 
the one with the barrier can.125 
and successfully obtained a complete, dense, nonporous, and pinhole free coating layer. 
The V2O5-coated separator was demonstrated with a S/C composite cathode in a pouch 
cell. The coated separator exhibited significantly enhanced charge/discharge properties 
(Figure 2.26). Under low rate, a capacity of ~800 mA h g–1 was attained, almost without 
capacity fade compared to the initial cycle, over 300 cycles over around 1 year. 
In 2016, Bai et al. prepared a MOF/graphene oxide (GO) composite membrane 
separator for Li-S batteries.126 An in-situ approach was applied for the synthesis of the 
MOF material, identified as HKUST-1, in the process of vacuum-filtration of the 
MOF/GO membrane. The MOF/GO composite possesses a microporous nature with 
pore size of 0.9 nm, significantly smaller than the diameters of lithium polysulphides. In 
this regard, the MOF/GO separator can effectively suppress the migration of 
polysulphides to the anode side, while it does not affect the lithium ion transfer. The 
suppression of polysulphides was visually verified by a permeation experiment. In 
terms of the battery performance, a long life of 1500 cycles was achieved, 
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demonstrating the excellent polysulphide-suppression capability of this functional 
separator (Figure 2.27). 
 






Figure 2.28 Schematic illustration of GO membrane as the separator in Li-S batteries.127 
Reconstructed GO membranes prepared by some specific methods such as vacuum 
filtration possess numerous nanochannels between the GO sheets, which bear negative 
charge originating from functional groups such as carboxylic acid and phenolic 
hydroxyl.128, 129 The typical dimension of the nanochannels (1 nm) is comparable to the 
Debye length, facilitating the transport of cations and blocking the migration of anions. 
A permselective GO membrane was employed by Huang et al. for application as a thin 
coating layer on a porous polyolefin separator to improve the cycling stability and 
inhibit the self-discharge of Li-S batteries (Figure 2.28).127 Compared to the pristine 
separator, the GO membrane improved the Coulombic efficiency from 67 – 75% to 95 – 
98% at 0.1 C, reduced the capacity decay rate from 0.49 to 0.23% per cycle, and 
enhanced the stability of the open circuit voltage from 5 h to 30 h. Following their work 
on the GO separator, Zhuang et al. carried out a proof-of-concept experiment by coating 
a GO/Nafion composite layer on a porous polyethylene (PP) substrate as the separator 
for Li-S batteries.130 The ultrathin GO layer blocks the macropores of the PP substrate 
and functions as both a physical and an electrostatic barrier against polysulphide 
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shuttling. The dense layer of Nafion on top, together with the GO layer, retards the 
polysulphide migration through the separator, endowing the Li-S battery with high 
Coulombic efficiency and excellent cycling stability. 
Lithium superionic conductors (LISICONs), although typically used as the electrolyte 
separator for solid-state lithium-ion batteries, can also be applied in liquid-electrolyte 
Li-S batteries as the separator due to their pronounced lithium-ion conductivity and 
polysulphide-blocking ability. To utilize LISICON as the separator in a 
liquid-electrolyte Li-S battery, however, the applied cell configuration can no longer be 
the coin cell but needs a special design. The cell is composed of two glass cylinders 
with the LISICON membrane inserted between them. A solution or suspension of 
sulphur species (S, Li2S, or lithium polysulphide) is injected into the cathodic 
compartment and an organic electrolyte into the anodic part. The lithium anode is fixed 
at the bottom of the anodic cylinder. Up to the present, researchers normally have 
employed a commercial LISICON film of Li1+x+yAlxTi2–xSiyP3–yO12 (LATP). Although 
the thick and fragile LATP might have impaired the battery performance to some extent, 
the works applying LATP separator and the new cell configuration have opened a new 
avenue for the development of high-energy Li-S batteries. Further advances in this Li-S 
battery technology require exploration of LISICON films with higher ionic conductivity, 
thinner thickness, improved flexibility, and more robustness. To illustrate this new Li-S 
battery technology enabled by LATP film as the separator, two examples are presented 
in the following paragraphs. 
Li et al. described an aqueous Li-S battery with an aqueous solution of Li2S4 as the 
catholyte, lithium metal as the anode, and LATP as the separator (Figure 2.29).131 The 
lithium ion conductive LATP separator suppresses the polysulphide shuttling, which is 
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a critical feature for the cycling stability. The cell configuration is (–) Cu mesh / Li 
metal / organic electrolyte // LATP membrane // aqueous Li2S4 alkalic catholyte ӏ 
CoS/brass mesh (+). The aqueous Li2S4 catholyte can achieve a high concentration 
(maximum of ~2.3 M), and it therefore enables a fast Li2S4/Li2S redox reaction 
compared to solid electrolytes and has a high specific energy density of ~654 W h kg–1. 
Furthermore, solid sulphur was dissolved in the aqueous Li2S4 solution as the catholyte, 
increasing the reversible capacity from 1030 to 1202 mA h g–1. 
 
Figure 2.29 (a) Schematic illustration of an aqueous cathode with short-chain 
polysulphides for Li-S batteries. (b) Typical discharge voltage profile of a conventional 
Li-S battery showing a two-step reaction producing long-chain polysulphides that are 
soluble in organic electrolyte and short-chain polysulphides that are soluble in aqueous 
electrolyte.131 
Wang et al. prepared a Li2S suspension in 1 M LiClO4/tetrahydrofuran (THF) as the 
catholyte for the Li-S battery with a LATP separator (Figure 2.30).132, 133 The cell 
configuration is (–) Cu foil / Li metal / carbonate-based organic electrolyte // LATP 
membrane // Li2S / LiClO4/THF catholyte / Super P carbon / Ti foil (+). Because the 
fully lithiated Li2S was applied as the cathode material, the lithium metal anode could 
be replaced by various lithium-free anode materials; two examples, aluminum and 
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graphite, were given in this work. This flexibility in choosing the electrolyte and the 
anode material paves the way for developing the lithium-ion sulphur battery into a 
practical energy storage technology. 
 
Figure 2.30 Cell configuration of the Li-S battery based on a LATP separator, dissolved 
Li2S cathode and dual-phase electrolyte.
132  
2.2.5 New Li-S cell configuration with an interlayer 
The most serious problem in Li-S batteries is the polysulphide shuttling problem, which 
causes low utilization of the active material and quick capacity decay. Manthiram’s 
group invented a novel approach by inserting a microporous carbon layer between the 
sulphur cathode and the separator (Figure. 2.31).134 The insertion of the carbon 
interlayer significantly decreases the charge transfer resistance and plays the role of an 
upper current collector for improving the utilization of the active material. His group 
later utilized the same strategy by using a multiwall carbon nanotube (MWCNT) 
interlayer135 and a treated commercial Toray carbon interlayer136, both of which resulted 




Figure 2.31 A new Li-S cell configuration with a microporous carbon interlayer inserted 
between the cathode and the separator.134 
In 2015, Yu et al. reported a CNF interlayer for the Li-S battery, as well as a 
free-standing Li-Nafion membrane as the separator and lithium polysulphide catholyte 
(Figure 2.32).137 This work combines the strategies of using a functional separator and 
using an interlayer. The lithium polysulphide catholyte was prepared by adding a certain 
amount of lithium polysulphide, which was synthesized by the reaction between Li2S 
and S, into a blank ether-based electrolyte to obtain a catholyte with the desired 
concentration of sulphur. The catholyte was then infused into carbon nanofiber (CNF) 
paper to form a cell configuration of Li//Li-Nafion//CNF/activated carbon-lithium 
polysulphide. In addition, compared to the lithiation process for the protonated Nafion 
membrane in aqueous solution at 80oC, in this work, the Nafion membrane was 
immersed in a common liquid electrolyte for Li-S batteries for 7 days at room 
temperature to allow the ion exchange to take place and for some of the liquid 
electrolyte to be absorbed. This as-obtained Li-Nafion membrane was directly utilized 
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in the cell and greatly improved cycling stability was attained, compared to the cell with 
the porous polyolefin separator. 
 
Figure 2.32 Cycling stability of Li-S batteries with Nafion separator and carbon 
nanotube (CNT) interlayer.137 
2.2.6 Electrolytes for Li-S batteries 
The electrolytes applied in Li-S batteries are normally different from those in LIBs.63, 64, 
138-141 In LIBs, the typical electrolyte is prepared by dissolving a lithium salt, LiPF6 or 
LiClO4, in carbonate-based mixed solvents. In contrast, the most commonly used 
lithium salt in Li-S batteries is LiTFSI and the solvent is a mixture of 1,3-dioxolane 
(DOL) and dimethoxyethane (DME), both of which are ethers. The reason for choosing 
ether-based electrolytes rather than carbonate-based electrolytes is that the carbonates 
can react with the dissolved polysulphides, which causes quick consumption of the 
active material and short cycle life. When the sulphur is confined in nanopores smaller 
than 0.5 nm, however, the soluble long-chain polysulphides will not form, and in this 
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case, the carbonate-based electrolytes can be used and normally will result in better 
electrochemical performance.142-144 Some typical Li salts and solvents are listed in 
Figures 2.33 and 2.34, respectively. 
 
Figure 2.33 Lithium salts applied in Li-S battery electrolytes.64 
 
Figure 2.34 Organic solvents for use in Li-S battery electrolytes.64 
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2.3 Lithium-organic batteries 
2.3.1 General background and brief history 
Electroactive organic molecules as cathode materials have regained researchers' interest 
in recent years, after being overwhelmed by LiCoO2 and similar intercalation cathode 
materials for decades.14, 16, 28, 145-149 Li-organic batteries, like Li-S and Li-O2 batteries, 
are not a new concept but have a long history dating back to 1969, almost half a century 
ago. With the intensive research and development that has been conducted both in the 
academy and in industry, the insertion cathode materials have gradually met their 
intrinsic limits in terms of capacity and energy density. In addition, the pressure on the 
environment and resources has become increasingly larger due to the great demand for 
the metal oxide ores. Therefore, greater attention has been paid to next-generation 
cathode materials with high energy density and a low ecological footprint. Organic 
molecules, owing to merits such as cost-effectiveness, sustainability, chemical tenability, 
and environmental friendliness,150-153 have been considered as a promising alternative to 
the intercalation cathode materials (Figure 2.35). 
In particular, electroactive organic molecules originating from biomass could open up a 
new chapter for the next-generation lithium-based batteries (Figure 2.36). Organic 
molecules have been widely applied in the semiconducting field, in transistors, solar 
cells, and light-emitting diodes. The development of Li-organic batteries could be a 
historic chance for the penetration of organic molecules into the energy storage industry. 
Despite all their significant advantages in terms of low ecological footprint and 
environmental friendliness, it should be noted that the organic molecules could be 
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Figure 2.35 Battery chemistry from lead-acid batteries to LIBs and then next-generation 
batteries such as lithium-organic batteries.16 
 
Figure 2.36 The circulation of electroactive organic molecules from biomass to 
application in batteries.16 
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2.3.2 Basic principles and concepts 
The basic requirement for an electrode material is that it can undergo reversible redox 
reactions. For inorganic electrode materials, the valence of the transition metal normally 
changes during charge/discharge processes. With respect to the organic molecules, the 
charge state of the electroactive organic groups or moieties changes in the 
lithiation/delithiation processes.145 
According to the different redox reaction mechanisms, the electroactive organic 
molecules can be divided into three categories (Figure 2.37).154 Those transforming 
between neutral and anion states can be classified as n-type and those between neutral 
and positive states as p-type. The other type consists of the bipolar organics, for which 
the neutral state can be either oxidized to the positive state or the negative state. The 
anions can be ClO4
–, PF6
–, BF4




Figure 2.37 Redox chemistries of three types of electroactive organics: (a) n-type; (b) 
p-type and (c) bipolar. A– denotes an anion in the electrolyte.154 
55 
 
In the Li-organic battery, the cathode material is an electroactive organic molecule, and 
the anode material is lithium metal. In this regard, the electroactive organic molecules 
should have redox voltage belonging to the cathode area, at least > 2V vs. Li+/Li. One 
typical type of organic cathode consists of molecules with carbonyl groups. As can be 
seen below, the redox reactions of two typical carbonyls, anthraquinone (AQ) and 
perylenetetracarboxylic dianhydride (PTCDA) undergo two steps. The reason is that 
there are two carbonyl groups being reduced in the lithiation process with an 
intermediate state with one carbonyl group reduced.  
 
Figure 2.38 Reversible electrochemical reaction of two typical carbonyl organic 
molecules, AQ and PTCDA. 
2.3.3 Organic cathodes 
In the Li-organic batteries, most of the focus has been on the development of new 
organic species. A wide range of organic molecules or polymers have been applied as 
the electrode materials in Li-organic batteries, including organosulphur compounds, 
organic free radical compounds, organic carbonyl compounds, conducting polymers, 




Figure 2.39 Typical small organic molecules with carbonyl groups and their theoretical 
capacities: (a) quinones: BQ (benzoquinone), NQ (naphthoquinone), AQ 
(anthraquinone), PQ (phenanthraquinone). (b) Quinone derivatives: DMBQ 
(2,5-dimethoxy-1,4-benzoquinone), Chloranil (2,3,5,6-tetrachloro-1,4-benzoquinone), 
DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone), purpurin 
(1,2,4-trihydroxyanthraquinone). (c) Multi-carbonyl quinones: PT 
(5,7,12,14-pentacenetetrone), NBHQ (nonylbenzohexaquinone). (d) Dianhydrides: 
PMDA (pyromellitic anhydride), NTCDA (1,4,5,8-naphthalenetetracarboxylic 
dianhydride, PTCDA (3,4,9,10-perylentetracarboxylic dianhydride). (e) Other 
conjugated carbonyl molecules: DCA (dichloroisocyanuric acid), AP 
(N,Nʹ-diallyl-2,3,5,6-tetraketopiperazine), indigo carmine (5,5ʹ-indigodisulphonic acid 
sodium salt). The theoretical specific capacities are calculated according to the carbonyl 
group number except for the dianhydrides and AP.154 
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2.3.4 Functional separators for Li-organic batteries 
The development of new separators for Li-organic batteries has been rare, although the 
organic electrode shares a similar dissolution problem with the Li-S batteries. The 
dissolution of electroactive organic species into the electrolyte causes active material 
loss and quick capacity decay. Also, the shuttling of the electroactive organic species to 
the lithium metal anode results in the destabilization of the anode and low Coulombic 
efficiency. In this regard, the separator located between the electrodes is expected to 
improve the battery performance by ion-selectively allowing lithium ion transport and 
blocking the electroactive organic species. An excellent example is shown below. 
Song et al. described a sandwich-structured polypropylene/Li-Nafion/polypropylene 
separator for Li-organic batteries (Figure 2.40).161 First, Nafion was put between two 
layers of porous polypropylene separator to form a 
polypropylene/Nafion/polypropylene sandwich, which was then put into an organic 
solution of lithium salt for ion exchange from protons to lithium ions. The successful 
loading of Li-Nafion was characterized by FTIR. A series of samples with different 
Li-Nafion loading were prepared. Their ionic conductivity was measured by 
electrochemical impedance spectroscopy (EIS). It was found that the resistance 
increases with increasing Li-Nafion loading, although the higher loading of Li-Nafion 
can be expected to provide better blocking against the electroactive organic 
molecules/anions. Hence, an optimal loading of 0.5 mg cm–1 was determined according 
to the battery performance. With 1,1ʹ-iminodianthraquinone (IDAQ) as the electroactive 
organic molecule, a long life of 400 cycles with capacity retention of 76% was obtained, 
along with high Coulombic efficiencies above 99.6%.  In terms of the blocking effect 
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for the electroactive organic molecules/anions, a visual experiment gave direct evidence 
that the polypropylene/Li-Nafion/polypropylene separator completely prohibits the 
diffusion of IDAQ n–. 
 
Figure 2.40 (a) Working mechanism of the ion-selective separator composed of 




3 CHAPTER 3 EXPERIMENTAL 
3.1 List of Materials 
The list of materials and chemicals used during my study for the synthesis and 
characterization of materials is summarized in Table 3-1. 
Table 3-1 Description of chemicals and materials used in this study. 
Materials/Chemicals Formula Purity Supplier 
Sulphonic acid H2SO4 98% J&K Chemical 




CF3SO2NLiSO2CF3 99% J&K Chemical 
1,3-dioxolane (DOL) C3H6O2 99.9% J&K Chemical 
1,2-dimethoxyethane (DME) C4H10O2 99.9% J&K Chemical 
Lithium nitrate LiNO3 98% J&K Chemical 
Lithium foil Li BG Ganfeng 
Ethanol C2H5OH Reagent Q-Store Australia 
Carbon black C Super P Timcal Belgium 
Poly(vinylidene fluoride) (CH2CF2)n n/a Sigma-Aldrich 
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Sodium nitrate NaNO3 99% Sigma-Aldrich 
Anthraquinone C14H8O2 99% J&K Chemical 
Perylene-3,4,9,10-tetracarboxylic 
dianhydride 
C24H8O6 99% J&K Chemical 
graphene C 99% J&K Chemical 
CMK-3 C 99% XFNANO 
Graphene oxide CxOy 99% J&K Chemical 
3.2 Experimental Procedures 
The experimental procedures are presented in Figure 3.1. Materials were synthesized 
through varied chemical approaches with different chemicals and applied as varied 
components of the lithium-sulphur or lithium-organic batteries. Before the application, a 
series of characterizations were used to identify the material. Then, the material was 
used in the electrode or as another component of the battery (e.g., the separator). After 
the electrode preparation and the cell assembly, electrochemical methods were applied 
for testing in the batteries, to see how the material performed. Ex-situ characterizations 





Figure 3.1 Outline of the experimental procedures. 
3.3 Materials Preparation 
3.3.1 Sulphonate reaction 
The sulphonation reaction is applied in Chapter 4. The polymer poly(ether ether ketone) 
(PEEK) was sulphonated by sulphonic acid to produce sulphonated poly(ether ether 
ketone) (SPEEK). In a typical experiment, 2 grams of poly(ether ether ketone) and 40 
mL of sulphonic acid were added into a three-neck flask. The mixture was vigorously 
mechanically stirred in a water bath at 40°C for varied lengths of time to obtain SPEEK 
with different degrees of sulphonation (DS). Then, the solutions were filtered and 
washed with deionized water until pH = 7, and finally dried to obtain the products.  
3.3.2 Hydrothermal Method 
The hydrothermal method is applied in Chapter 5. Graphite films were ultrasonically 
treated in acetone and then put into a 100 mL Teflon-lined stainless-steel autoclave. 50 
mL of deionized water were added and heated at 120°C for 10 h. After the hydrothermal 
treatment, the films were sonicated in acetone and dried at 100°C for 4 h, and then put 
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into a glove box filled with argon. Before the cells were assembled, the graphite films 
were soaked in the electrolyte for 24 h. 
3.3.3 Vacuum filtration 
The hydrothermal method is applied in Chapter 6. A mixture of graphene oxide and 
Super P (or graphene) was suspended in deionized water (1 mg ml–1) with the help of 
sonication. 1 ml of the suspension was re-dispersed in ethanol (10 ml) and vacuum 
filtrated to obtain a coating layer with areal density of around 0.1 mg cm–2 on the 
pristine Celgard 2325 separator. 
3.3.4 Melt diffusion Method 
The melt-diffusion method is a widely applied approach for infiltrating sulphur into 
mesoporous carbon materials. The mechanism depends on the properties of sulphur. At 
the temperature of 155°C, the melted sulphur achieves its lowest point of viscosity. 
Under capillary forces, the melted sulphur is infiltrated into the mesopores of the carbon 
material.  
The melt-diffusion method is applied in Chapter 4. A mixture of mesoporous carbon 
(CMK-3) and sulphur with a certain weight ratio was ground together and put into a 5 
mL glass bottle, which was put into a Teflon autoclave and heated at 155°C in a drying 
oven for 12 h. The obtained product was the sulphur/carbon composite with sulphur 
incorporated in the mesopores of the CMK-3. 
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3.3.5 Chemical Polymerization 
A visual experiment is an important method for characterizing the membrane 
permeability for colored solvents. Usually two half glass cells are used and the 
membrane is fixed between them. One side is filled with a colored solvent and the other 
side with a colorless solvent. At rest or with a certain current for a certain length of time, 
the diffusion of the colored solution can be observed with real-time photography. 
In this work, the visual experiment was carried out using an H-type glass cell composed 
of two halves. The Li2S8 solution used in the experiment was produced by the reaction 
between Li2S and S with a molar ratio of 1:7 in DOL/DME (v/v = 1:1). 
3.3.6 I-V experiment 
I-V tests were carried out using a home-made conductivity cell and monitored by a 
picoammeter (Keithley Instruments, mode 6487). An SPEEK membrane was mounted 
between two halves of a conductivity cell. (The SPEEK membrane was prepared 
through a solution-casting method. The SPEEK was dissolved in 
N-methyl-2-pyrrolidone (NMP) and then spread on glass. After heating to evaporate the 
solvent, an SPEEK membrane was formed.) When a transmembrane potential difference 
is applied across the membrane, ions flow through the electrolyte-filled nanochannels, 
generating a measurable ion current. The I-V curve of the membrane is plotted using the 
ion current as a function of potential. 
64 
 
3.4 Characterization methods 
3.4.1 X-ray powder diffraction (XRD) 
X-ray powder diffraction (XRD) is an analytical method for determining the crystalline 
phase of a material. It helps to identify whether the material is amorphous or crystalline, 
and provides information about the unit cell dimensions. XRD is a technique for 
determining the average bulk composition of a sample, which is normally ground to fine 
powder and pressed to a smooth thin layer on the sample holder. 
In 1912, Max von Laue (1879-1960), a German physicist and Nobel laureate (Physics, 
1914), discovered the phenomenon of X-ray diffraction by crystals. Max von Laue 
made contributions to a variety of scientific fields, including optics, crystallography, 
quantum theory, superconductivity and the theory of relativity. He had many 
administrative positions before and after World War II, in which his endeavors guided 
the German science community for decades.  
Thanks to the important findings of Max von Laue, X-ray diffraction is now a very 
common technique studying the atomic spacing and crystal structures of a crystalline 
sample. X-ray diffraction originates from the interference of a crystalline sample and 
monochromatic X-rays, which are produced by a cathode ray tube and then filtered, 
collimated to concentrate them, and directed toward the sample. An interaction will be 
result when the conditions satisfy Bragg’s Law (nλ = 2d sin θ), in which λ is the wave 
length of the incident X-ray, d is the crystal lattice planar spacing, and θ is the 
interaction angle of incidence. 
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When scanning a sample through a range of angles 2θ, all diffraction directions of the 
lattice should be obtained due to the random orientation of crystallites in the powdered 
sample. Based on Bragg’s Law, the d-spacings could be calculated from the diffraction 
peaks, because for a specific crystalline material, there are only one set of unique d 
values. The identification of the material is carried out by comparison of the 
experimental d-spacings with standard reference patterns.  
X-ray powder diffraction has many applications. It is mostly used for identifying 
unknown crystalline materials such as inorganic materials and minerals, which is 
critical in fields such as materials science, engineering, environmental science, geology, 
biology, chemistry, and physics. It can also be used to help determine the purity of a 
sample. It identifies fine-grained materials (e.g., clays, mixed layer clays) that are 
difficult to observe optically. It determines whether a material is amorphous, 
semicrystalline, or crystalline. The peak strengths also show how perfect the prepared 
crystalline sample is. Combined with Rietveld refinement, XRD can be utilized to 
acquire crystal structures and for quantitative analysis. 
3.4.2 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) is an electron microscopy technique revealing the 
external morphology and the orientation of the sample. SEM generates image signals at 
the specimen surface by irradiating a focused beam of high-energy electrons. The data 
collected is normally a two-dimensional image showing the spatial variation of a 
selected area of the sample. The selected area ranges from 1 cm to several micrometers 
in width, and the magnification ranges from 20 to tens of thousands. Using 
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energy-dispersive X-ray spectroscopy (EDS), the chemical composition can be 
quantitatively or semi-quantitatively determined. 
The early history of the development of SEM can be briefly presented as follows. In 
1931, Max Knoll (1897-1969), a German electrical engineer, together with his colleague 
Ernst Ruska, invented the electron microscope. Knoll used an electron beam scanner to 
produce a photograph showing channeling contrast of an object with 50 mm in size. In 
1937, Manfred von Ardenne (1907-1997), a German physicist and inventor, invented 
the scanning electron microscope with high magnification. He successfully scanned a 
tiny raster pattern with a finely focused electron beam. Ardenne applied the scanning 
principle to improve the magnification and to eliminate chromatic aberration. He also 
studied the various detection modes and the theories of SEM. He constructed the first 
high-magnification SEM. In 1965, the first commercial SEM instrument was introduced 
by the Cambridge Scientific Instrument Company. 
The SEM signal is produced through the dissipation of the accelerated high-energy 
electrons in the solid sample. The signals include secondary electrons that produce SEM 
images, backscattered electrons (BSE), diffracted backscattered electrons (EBSD), etc. 
Secondary electrons are used for imaging samples with their morphology and 
topography. Normally, SEM analysis is non-destructive to the sample, except for some 
very fragile samples which are very sensitive to the heat produced by the high-energy 
electrons.  
The SEM is one of the most frequently used instruments for materials scientists, 
engineers, biologists, chemists, and environmental scientists. Elemental maps can be 
acquired using EDS. The SEM helps to identify phases based on the crystalline 
structure and qualitative chemical analysis. The SEM can identify small particles down 
to 50 nm in size. The BSE can be used for rapid discrimination of phases in multiphase 
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samples. An SEM equipped with EBSD can examine the microfabric and 
crystallographic orientation in a wide range of materials. 
3.4.3 Transmission electron microscopy (TEM) 
TEM is a microscopy technique using a beam of electrons transmitting through a thin 
specimen, in which electron-sample interactions take place as the electron beam passes 
through the sample. An image is formed by the electrons as they are transmitted and 
interact with the material, before it is magnified and presented on an imaging screen. 
The TEM is based on the same principle as the light microscope, but it uses high-energy 
accelerated electrons. The limitation of a optical microscope is the wavelength of light. 
The much lower “wavelength” of electrons enables the resolution to be improved by a 
thousand times compared to light microscopy. With the help of TEMs, objects on the 
order of a few angstroms (10-10 m) can be observed, which means that the details of 
materials down to near atomic levels can be obtained. The high magnification is the 
most important feature of TEM, making it widely applied in medical, materials, and 
biological research.  
The first TEM machine was built by Max Knol and Ernst Ruska (1906-1988, German 
physicist) in 1931. They built a TEM with resolution greater than that of light in 1933 
and the first commercial TEM machine in 1936. The Nobel Physics prize was awarded 
to Ernst Ruska in 1986 for his great contribution to the development of TEM. 
TEM is a major analysis technique in a range of scientific fields and finds applications 
in materials science, semiconductors, nanotechnology, virology, cancer research, etc. At 
lower magnifications, the varied thicknesses and compositions of the materials result in 
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different TEM image contrasts, owing to varied levels of electron absorption by the 
material. At higher magnifications, the observed images need expert analysis because 
the intensity of the image is modulated by complex wave interactions. With different 
magnification levels and analysis modes, besides the regular absorption-based imaging, 
the TEM is a very useful tool to observe modulations in chemical identity, crystal 
orientation, electronic structure, and sample induced electron phase shifts. 
3.4.4 Energy-dispersive X-ray spectroscopy (EDS) 
Energy-dispersive X-ray spectroscopy (EDS) is an important technique used to obtain a 
localized chemical analysis by analyzing the X-ray spectrum emitted by a solid-state 
specimen bombarded by a beam of high-energy electrons. Principally elements with 
atomic numbers ranging from 4 (Beryllium) to 92 (Uranium) can be detected with both 
qualitative and quantitative analyses. 
Element distribution images of a selected area can be produced by scanning the electron 
beam in a television-like raster pattern and then displaying the intensity of a specific 
X-ray line. Also, by focusing on a point or a line on the surface of the sample, the data 
from that point or line analysis can be obtained. The EDS “map” results reveal the 
surface topography or the mean atomic number dispersion according to the selected 
mode. Nowadays, however, there is considerable function overlap with the SEM, which 
is designed primarily for producing electron images but can also be used for element 
mapping or point analysis if an X-ray spectrometer is added.  
The X-ray intensities are obtained by counting the photons. The analytical accuracy is 
around ±  2%, owing to the uncertainties of the compositions in the standards and the 
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errors in the corrections applied to the raw data. The detection limit when using EDS is 
normally 1000 ppm by weight but it can still be further reduced using longer counting 
times.  
There is also a certain spatial resolution in the EDS measurement. The spatial resolution 
is affected by the penetration and spreading of the electron beam in the solid sample. 
Spatial resolution varies according to the density of the material; the higher density the 
sample possesses, the more difficult it is for the electrons to penetrate the specimen. For 
instance, the nominal resolution is approximately 2 μm for silicates (3 g/mL), but for 
obtaining quantitative results, a minimum grain size of several micrometers is needed. 
In order to get better spatial resolution, ultra-thin specimens on the order of 
approximately 100 nm are needed so that the beam will not spread out too much. These 
ultra-thin samples can be measured in a TEM with an installed X-ray spectrometer, 
which is also called an analytical electron microscope (AEM).  
3.4.5 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) is an analytical method for measuring the weight 
change of a sample being heated in an inert or oxidizing atmosphere. TGA analysis is 
normally based on constant heating rates or as a function of time (e.g., constant 
temperature or constant mass loss). Over a specific temperature range, the weight 
change indicates the thermal stability and the composition of the sample. In detail, TGA 
provides information about vaporization, sublimation, adsorption, absorption, 
desorption, chemisorption, dehydration, decomposition, oxidation, reduction, etc.  
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TGA can used to analyze some specific characteristics (e.g., decomposition, oxidation, 
or vaporization) of materials exhibiting mass loss or gain. TGA can be used to 
determine the decomposition patterns of some materials. TGA can analyze the organic 
content in a sample. TGA can also be applied for studying the degradation mechanisms 
and reaction kinetics. TGA can be used to investigate a wide range of polymer materials, 
including thermoplastics, thermosets, composites, elastomers, fibers, plastic films, 
coatings, paints, etc. 
3.4.6 Brunauer-Emmett-Teller (BET) 
The Brunauer-Emmett-Teller (BET) technique is an important analysis technique for the 
measurement of the specific surface area of a material. BET can also refer to the theory 
published by Stephen Brunauer, Paul Hugh Emmett, and Edward Teller in 1938. The 
BET theory involves multi-layer adsorption of non-corrosive gases as adsorbates to 
determine the surface area of a sample.  
3.4.7 Raman spectroscopy 
Raman spectroscopy is a spectroscopic technique measuring molecular vibrations for 
sample identification and quantification. A monochromatic light (e.g., a laser) is 
directed onto a sample, and the scattered light is detected. The majority of the scattered 
light possesses the same frequency as the excitation light source, and this is known as 
Rayleigh or elastic scattering. A small proportion (around 10-5 % of the incident light 
intensity) of the scattered light is shifted in energy from the laser frequency owing to the 
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interaction between the incident electromagnetic waves and the vibrational energy 
levels of the sample molecules. The plot of intensity of the “shifted” light against the 
frequency is the Raman spectrum of the sample. The band positions will be located at 
frequencies corresponding to the energy levels of the different vibrations of various 
functional groups. Hence, the Raman spectrum can be interpreted in a similar way to the 
infrared absorption spectrum.  
The inelastic scattering of light was predicted by Adolf Smekal (1895-1959, Austrian 
theoretical physicist) in 1923, but the observation in practice took place 5 years later. 
The Indian scientist Sir C. V. Raman (together with his student named K. S. Krishman) 
observed the effect by means of sunlight in 1928 and was awarded the Nobel Prize in 
Physics in 1930. He found that by using a narrow band photographic filter to create 
monochromatic light and a “crossed filter” to block the as-produced monochromatic 
light, a small amount of light changed in frequency and passed through the filter. It is 
worth mentioning that Grigory Samuilovich Landsberg (1890-1957, Soviet physicist) 
and Leonid Isaakovich Mandelstam (1879-1944, Soviet physicist) also independently 
discovered the Raman effect. Also, between 1930 and 1934, an important pioneering 
theory of the Raman effect was developed by George Placzek (1905-1955, Czech 
physicist). After 3 decades, the advent of the laser led to simplified Raman spectroscopy 
instruments and revived this technology as a widely-used analytical tool. 
Raman spectroscopy can be used for both qualitative and quantitative analyses. 
Chemical identifications can be performed by using search algorithms acting on digital 
databases for the spectra, which are very specific. Raman is complementary to infrared 
absorption spectroscopy and offers several advantages over mid-IR and near-IR 
spectroscopy. For instance, Raman spectroscopy can be used to analyze bands of 
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symmetric linkages, which are weak in an infrared spectrum, such as -S-S-, -C-S- and 
-C=C-. Raman spectra are “cleaner” than mid-IR spectra, that is, Raman bands are 
narrower and combination bands are generally weak. The standard Raman spectral 
range reaches below 400 cm-1, making the technique ideal for both organic and 
inorganic species. 
3.4.8 Fourier Transform Infrared spectroscopy (FTIR) 
Fourier Transform Infrared spectroscopy (FTIR) is a technique for identifying chemical 
bonds by obtaining an infrared absorption spectrum of the object of analysis, which is a 
solid, liquid, or gas. For any absorption spectroscopy (e.g., ultraviolet-visible (UV-Vis) 
spectroscopy), the mechanism depends on how well the light at each wavelength is 
absorbed by the sample. Unlike Raman spectroscopy, which uses a monochromatic 
beam of light to shine on the sample and test the frequency change of the scattered light, 
infrared spectroscopy shines a beam with a range of frequencies of light and measures 
how much is absorbed by the sample at each wavenumber.  
A typical FTIR spectrometer includes several important components: the IR source, the 
detector, the beam splitter, and the Fourier transform software. The first 
spectrophotometer that was able to record an infrared spectrum was built by an 
American corporation called PerkinElmer in 1957. This first instrument covered the 
wavenumber range from 4000 cm-1 to 660 cm-1. The lowest wavenumber of 660 cm-1 
was limited by the dispersing material, single crystal sodium chloride. Later, the lower 
limit was extended to 400 cm-1 and even to 200 cm-1 by using prisms of potassium 
bromide and cesium iodide, respectively. The region beyond 200 cm-1 belongs to the 
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far-infrared region and then merges into the microwave range. The typical resolution is 
4 cm-1 for typical cheaper FTIR instruments, and nowadays a high resolution of 0.001 
cm-1 has already been commercialized.  
FTIR spectrometers have been widely applied in areas where dispersive spectrometers 
are used and areas where dispersive spectrometers cannot be used owing to their 
improved sensitivity and detecting speed. FTIR can be used in microscopy and imaging. 
An infrared microscope enables samples absorbing IR light to be observed. Combined 
with a microscope with linear or two-dimensional array detectors, images revealing a 
map of the intensity at any wavenumber or range of wavenumbers being absorbed by 
the sample can be collected. This approach determines the distribution of different 
species in the sample, e.g., tissue sections, pharmaceutical tablets. Moreover, FTIR can 
be coupled with other instruments for real-time detection of gaseous species and 
monitoring reaction processes involving the formation of gases. Typical coupled 
instruments include gas-chromatography-infrared spectrometry (GC-IR) and 
thermogravimetric analysis-infrared spectrometry (TG-IR). 
3.4.9 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is the most widely used surface analysis 
technique for measuring the elemental composition and determining the empirical 
formula, electronic states, and chemical states of the elements spreading on the surface 
of a sample. XPS spectra are measured by irradiating the sample with a beam of X-rays 
and meanwhile recording the number of electrons with certain kinetic energies that 
escape from the top 10 nm of the sample being analyzed. As the energy of the particular 
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incident X-ray is known and the kinetic energy of the emitted electrons are measured, 
the electron binding energy of the emitted electrons can be calculated. In this way, the 
electronic and chemical states of the chemical species in the surface layer can be 
detected.  
The history of the photoelectric effect and the development of photoemission as an 
analytical tool can be briefly stated as follows. In 1887, Heinrich Rudolf Hertz 
(1857-1894, German physicist) discovered the photoelectric effect but could not explain 
this phenomenon. In1905, Albert Einstein (1879-1955, German-born theoretical 
physicist) successfully resolved this problem and because of this contribution won the 
Nobel Prize in Physics 1921. Two years later, the first XPS spectrum was recorded 
experimentally. After continuous improvement of the equipment, in 1954, the first 
high-energy-resolution XPS spectrum was recorded, indicating the great potential of 
XPS. In 1967, Kai Siegbahn (1918-2007, Swedish physicist) carried out a 
comprehensive study of XPS and together with a groups of engineers, successfully built 
the first commercial monochromatic XPS instrument in 1969. The Nobel Prize in 
Physics in 1981 was awarded to Siegbahn for his key contribution to the development 
of XPS into a useful analytical tool.  
XPS is a widely-used technique in a wide range of fields and has many applications. 
XPS determines the elements and the composition of those elements at the surface (1-12 
nm) of a sample. XPS can be used to detect impurities, if there are any, at the surface of 
a bulk sample. XPS distinguishes between the different electronic states of a specific 
element. By applying ion beam stripping depth analysis, XPS can examine the change 
in the element compositions and the corresponding chemical states from the outermost 
layer to the interior. 
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3.4.10 Gel Permeation Chromatography (GPC) 
Gel permeation chromatography (GPC) is a type of size exclusion chromatography 
(SEC) that separates macromolecules by allowing them to pass through a column filled 
with porous gel. SEC was first developed in 1955, and GPC was first reported in 1964 
by John C. Moore at the Dow Chemical Company. GPC normally is used to analyze 
polymer materials or to purify the desired product. GPC is used to provide information 
on a variety of definitions of molecular weight, including the number average molecular 
weight (Mn), the weight average molecular weight (Mw), the size average molecular 
weight (Mz), or the viscosity molecular weight (Mv).  
3.4.11 Nuclear Magnetic Resonance (NMR) Spectroscopy 
Over the past fifty years nuclear magnetic resonance (NMR) spectroscopy has become 
the major technique for analyzing the structure of organic molecules. Among all the 
spectroscopic methods, NMR is the only one that is capable of complete analysis and 
interpretation of an analyte. NMR spectroscopy is based on the finding that the nuclei of 
many elemental isotopes have a characteristic spin, whether it is integral spin, fractional 
spin, or no spin. A spinning charge generates a magnetic field (unit, Tesla, T). In the 
presence of an external magnetic field, there will be two spin states: the magnetic 
moment of the lower energy spin state is aligned with the external field and that of the 
higher energy spin state is opposed to the external field. The energy difference (given as 
a frequency in units of MHz) between the two spin states depends on the strength of the 
external magnetic field. Therefore, in order to enlarge the energy difference (for NMR 
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purpose, 20 to 900 MHz is needed) between the spin states, a strong magnetic field is 
normally applied.  
When placed in a magnetic field, the NMR active nuclei (e.g. 1H, 13C) absorb 
electromagnetic radiation at a frequency characteristic of the isotope and show a 
specific nuclear magnetic resonance response. For protons in different electronic 
environments, the local field “shields” the proton from the applied magnetic field, 
which must be increased in order to achieve resonance, or the absorption of energy at 
the reference frequency. The increment is small, on the level of parts per million (ppm). 
A reference signal (that of tetramethylsilane) is used to normalize the reported data.  
NMR is one of the most important techniques to be developed in the 20th century, and 
the related discoveries have already won 5 Nobel Prizes. The first one was the 1952 
Nobel Prize in Physics, awarded to Edward Mills Purcell (1912-1997, American 
physicist) and Felix Bloch (1905-1983, Swiss physicist) for the independent 
development of NMR spectroscopy. 
NMR has been widely applied in a wide range of field, particularly organic chemistry 
and biology. Typically, the sample needs to be dissolved in a solvent for the NMR 
analysis. In some particular cases, the physical environment does not allow the use of a 
solvent, so solid-state NMR has been developed. For molecules that are too complicated 
to analyze, two-dimensional NMR can be used to provide more detailed information on 
the molecule. Moreover, other types of NMR techniques, including protein NMR, 
nucleic acid NMR, and carbohydrate NMR, have been developed for measuring the 
corresponding specific kinds of complicated molecules.  
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3.4.12 Small-angle X-ray scattering (SAXS) 
Small-angle X-ray scattering (SAXS) is a technique in which the signal from the elastic 
scattering of X-rays by a sample with nm-level inhomogeneities is recorded at very low 
angles. SAXS provides information about the shape and size of macromolecules or 
colloids, as well as the characteristic distances of partially ordered materials or pore 
sizes. SAXS reveals structural information on macromolecules from 5 nm to 25 nm in 
size, or characteristic repeated distances up to 150 nm.  
SAXS, together with small angle neutron scattering (SANS), belongs to the family of 
small-angle scattering (SAS) techniques. SAXS also belongs to the family of X-ray 
scattering techniques, along with ultra-small angle X-ray scattering (USAXS).  
SAXS is widely applied in nanoscience for determining the microscale or nanoscale 
structure of particle systems in terms of particle size, shape, distribution, etc. The 
analyzed material can be a solid or a liquid, which contains nanoscale repeated solid, 
liquid, or gaseous domains. Also, ordered systems such as lamellae and fractal-like 
materials can be examined by SAXS. Other systems that can be examined include 
colloids, oils, polymers, cement, plastics, proteins, and pharmaceuticals. 
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3.5 Electrode fabrication and cell assembly 
3.5.1 Electrode preparation  
The electrodes were prepared by mixing the electroactive material (sulphur-based or 
organic molecules), conductive agent (Super P) and binder (poly(vinylidene fluoride, 
PVDF or SPEEK) and dispersing them in NMP solvent. The as-prepared slurry was cast 
on the current collector (carbon-coated or uncoated aluminum foil) using a doctor blade 
and then dried in a vacuum oven. The as-obtained electrodes were then cut into circles 
and put into a glove box for assembly of the cells.  
3.5.2 Cell assembly 
All the cell assembly processes were performed in a glove box. The standard devices for 
the half-cells were CR2032 coin cells. According to the procedure, the negative cap, the 
lithium metal anode, the separator (Celgard separator or the coated separator), the 
electrode (sulphur-based or organic electrode), the spacer, the spring, and the positive 
cap were sequentially stacked together. Before and after the stacking of the separator, 
one drop of ether-based electrolyte was dropped on the lithium metal and the separator, 




3.6 Electrochemical measurements 
3.6.1 Cyclic voltammetry (CV) 
Cyclic voltammetry (CV) is an electrochemical technique, which involves repeatedly 
ramping the working electrode potential linearly versus time between two set potentials. 
The current at the working electrode is plotted versus the applied voltage to give the CV 
data. Typically, a ramping rate of 0.1 mV/s was utilized for measuring the 
oxidation/reduction potentials of the active material in the cell.  
3.6.2 Galvanostatic electrochemical testing 
Land instruments were used for the galvanostatic testing of the assembled half-cells. For 
both the Li-S and the Li-organic batteries in this thesis, the first cycle begins with 
discharging for the reduction of sulphur or organic molecules. According to the 
theoretical capacities of sulphur and the organic molecules, certain C-rates (from 0.1 C 
to tens of C) were used for both the discharge and charge processes. All the C-rates 
were based on the weight of the active material in the electrode. The cut-off voltages 
were typically 1.7/2.6 V for Li-S batteries and 1.5/3.5 V for Li-organic batteries. 
3.6.3 Electrochemical Impedance Spectroscopy (EIS) 
Electrochemical impedance spectroscopy (EIS), or the so-called alternating current (AC) 
impedance method, studies the response to a periodic small amplitude AC signal 
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applied on an electrochemical system. EIS has been used to determine double-layer 
capacitance or AC polarography. Currently, EIS is mostly applied for characterization 
of electrode processes and complex interfaces. It reveals information on the structure of 
an interface and the electrochemical reactions that take place there. In testing the 
batteries, normally cells were characterized in their fully charged or discharged states. A 
voltage of 10 mV was used and frequencies from 100K Hz to 100 mHz were utilized. 
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4 CHAPTER 4 INTRODUCING ION-TRANSPORT-REGULATING 
NANOCHANNELS TO LITHIUM-SULPHUR BATTERIES 
4.1 Preface 
In nature, the phenomenon of ion regulation widely exists.162 Ion channels across cell 
membrane control the communication of ions and charged substrates between inner cell 
and the extracellular environment.163 The two distinctive features of ion channels are: 
channels mediate ion transport with high rate (106~108 ions per second); channels 
choose specific ions or molecules to pass through and reject other species.164 For 
example, potassium channels allow rapid flow of K+ (108 ions per second) while decline 
the translocation of Na+ across the membrane.71 Inspired by the interesting 
characteristics of ion channels, synthetic smart nanochannels have found wide 
applications ranging from nanofluidic to energy conversion devices.165-169 This 
ion-regulating property of nanochannels is highly needed for the cathode of the 
lithium-sulphur battery to overcome the poor rate performance and quick capacity decay, 
which has been caused by the poor Li+-ion transport through the cathode and the 
dissolution of the intermediate products of polysulphide anions.7, 60, 63, 67, 74, 116, 131, 170-178 
To overcome the challenges of lithium-sulphur batteries, much progress has been 
achieved by developing varied sulphur-carbon composites, which greatly improve the 
electron transfer in the sulphur cathode.61, 82, 179-184 For example, high rates of 10 C were 
obtained using unstacked double-layer graphene76 and 3D hierarchical hollow carbon 
nanorods.185 However, the ion transport through the sulphur cathode has been paid rare 
attention. Ion-selective separators have been reported alleviating the polysulphide 
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shuttling problem.118, 127 However, the rate performance of the Li-S battery was hardly 
enhanced, since the separator almost has no effect on the lithium-ion transport of the 
electrode but mainly blocks the diffusion of polysulphide anions from the cathode side 
to the anode side. For a liquid electrolyte lithium-sulphur battery, the enhancement on 
both the rate performance and the cycling stability should be through developing new 
sulphur cathodes. 
Here, an ion-containing polymer membrane with negatively charged nanochannels 
was prepared, which have a dimension of ca. 2 nm, comparable to the Debye length. 
The negatively charged nanochannels are capable of regulating ion transport by 
facilitating the transport of cations and rejecting anions. As a demonstration, the 
polymer membrane was integrated into a sulphur cathode and a high-performance 
lithium-sulphur battery was obtained. With the fast flow of lithium ions and the 
retaining of polysulphide anions, the novel sulphur cathode shows significantly 
improved rate and cycle properties compared to the cathode with the conventional 
polymer. Figure 4.1a presents the configuration of the integrated sulphur cathode with 
the ion-transport-regulating polymer membrane wrapping the sulphur/mesoporous 
carbon (CMK-3) composite. The polymer utilized is an ion-containing polymer, 
sulphonated poly (ether ether ketone) (Figure 4.1b). The polymer possesses excellent 
film-forming ability and the polymer film contains both hydrophobic domain of 
polymer backbone and hydrophilic domain of sulphonate groups. The ionic interactions 
of negative sulphonate groups form negatively charged nanochannels (Figure 4.1c). The 
sulphur was incorporated into the porous structure of CMK-3 (Figure 4.1d). Thus, the 
novel cathode integrated with the polymer membrane can regulate the ion transport by 
facilitating the transport of lithium ions and rejecting the polysulphide anions. Our 
novel design of the integrated cathode renders faster lithium-ion transport, which 
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significantly reduces the resistance. Besides, the polysulphide rejection alleviates the 
active material loss. Therefore, these merits together enable high-performance Li-S 
batteries. For instance, for the novel cathode, a high specific capacity of 1105 mA h g–1 
is kept after 100 cycles at 0.2 C. Further, at a high rate of 18 C, a high specific capacity 
of 612 mA h g–1 is retained over 250 cycles, with excellent capacity retention of 91%. 
 
Figure 4.1 Design and working mechanism of the integrated sulphur cathode. a) 
Schematic illustration of the integrated sulphur cathode. SPEEK membrane wraps 
around S/CMK-3 composite and regulates the ion transport between the electrolyte and 
the cathode. b) Chemical structure of SPEEK. c) View of the nanochannels with a 
diameter of ca. 2 nm. d) Scanning electron microscopy image of CMK-3 and view of 




4.2.1 Polymer synthesis and characterizations 
The preparation was conducted according to the literature186. Poly (ether ether ketone) 
(PEEK) was kindly provided by Jilin University. At 40°C, SPEEK (2 gram) was added 
into sulphonic acid (40 mL). Under vigorous stirring, the mixture was stirred for 10 h. 
The as-prepared yellow solution was poured into ice water; then white solid product 
was observed. The solid product was collected and washed with deionized water 
thoroughly until pH reaches 7, then dried at 80°C in vacuum. The sulphonated product 
was named as sulphonated poly (ether ether ketone) (SPEEK). The reaction equation is 
expressed as Figure 4.2. 
 
Figure 4.2 Equation of a sulphonation reaction to produce sulphonated poly (ether ether 
ketone) (SPEEK). 
The Molecular Weight of SPEEK was measured on a Gel Permeation Chromatography 
(Waters1515, USA). The morphologies were observed using field-emission scanning 
electron microscopy (SEM, JEOL JSM7500F) and transmission electron microscopy 
(TEM, JEM 1200EX). 1H NMR (400 MHz, d-DMSO) was carried out on a Varian 
NMR machine. The Fourier Transform Infrared (FTIR) spectra were recorded on an 
AVATAR 360 spectrometer (Nicolet Instrument Corp., USA) in the wavelength range 
of 400–4000 cm–1. The TEM samples of SPEEK were prepared by spreading a 
low-concentration solution of SPEEK in NMP on carbon-coated copper grids. In order 
85 
to stain the ion channels, SPEEK was immersed in an aqueous solution of 0.5 M AgNO3 
overnight. The stained SPEEK was rinsed thoroughly by deionized water and dried at 
room temperature for 24 h. Then the dried stained SPEEK was dissolved in NMP and 
dripped on carbon-coated copper grids. 
The specimen was imaged in a Talos™ F200C TEM (Transmission Electron 
Microscope), operated at 200 kV, in room temperature, and Ceta 4K*4K Camera was 
used for Images recorded. Total 61 images were acquired in a high magnification of 150 
kx (pixel size of 0.069 nm) and low dose mode. Tilt angle range is from -60° to +60°, in 
increments of 2°. Defocus values for these tilt series ranged from 9.23 ± 0.10 µm. 
Serial-EM was used for data collection and all tilt series were denosing, alignment and 
reconstruction by Inspect3D (FEI Company). The final 3D structure was acquired by 
reconstruction algorithm “SIRT” (simultaneous iterative reconstruction technique) with 
10 iterations. 3D rendering of this specimen was completed by Chimera after structure 
reconstruction of TEM tomography data (Talos™ F200C TEM), the dark region 
represents hydrophilic domain and the brighter region is hydrophobic domain. 
1D small-angle X-ray scattering (SAXS) experiments were carried out with a SAXS 
instrument (SAXSess, AntonPaar) containing Kratky block-collimation system. An 
image plate was used to record the scattering patterns form between 0.06 and 29 nm–1. 
The radius of gyration of SPEEK is 27.5 nm determined through Static light scattering 
by measuring the scattering intensity from 20° to 150° on a laser light scattering (LLS) 
spectrometer (ALV/DLS/SLS-5022F) equipped with a cylindrical 22 mW He―Ne laser 
(Uniphase, at λ = 632.8 nm). The spectrometer has a high coherence factor of β ≈ 0.95 
because of a novel single-mode fiber optics coupled to an efficient avalanche 
photodiode. The LLS cell was held in a thermostat refractive index matching vat filled 
with purified and dust-free toluene. 
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The visual experiment was carried out using an H-type glass cell composed of two 
halves. The Li2S8 solution used in the experiment was produced by the reaction 
between Li2S and S with a molar ratio of 1:7 in DOL/DME (v/v = 1:1). I-V tests were 
carried out using a home-made conductivity cell and monitored by a picoammeter 
(Keithley Instruments, mode 6487). The schematic illustration of the home-made device 
is shown in Figure 4.3. An SPEEK membrane was mounted between two halves of a 
conductivity cell. (The SPEEK membrane was prepared through a solution-casting 
method. SPEEK was dissolved in NMP and then spread on glass. After heating to 
evaporate the solvent, an SPEEK membrane was formed.) When a transmembrane 
potential difference is applied across the membrane, ions flow through the 
electrolyte-filled nanochannels, generating a measurable ion current. I-V curve of the 
membrane is plotted using the ion currents as a function of potential. 
 
Figure 4.3 Depiction of home-made conductivity cell measuring the I-V property of the 
nanoporous SPEEK membrane. The test was monitored by a picoammeter (Keythley 
Instruments, mode 6487). 
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4.2.2 Electrode preparation 
CMK-3 was purchased from Nanjing XF-nano, China. The Brunauer-Emmett-Teller 
(BET) data of CMK-3 (pore volume 1.32 cm3 g–1, average pore diameter 3.7 nm and 
specific surface area of 1188 m2 g–1) were measured through the N2 
adsorption-desorption isotherm at 77 K on a BELSORP-mini instrument. S/CMK-3 
composite was synthesized by melt-diffusion method. Sulphur and CMK-3 with weight 
ratio of 1:1 was mixed and heated at 155°C for 24 h under argon. The sulphur content in 
the S/CMK-3 composite was measured by Thermogravametric analysis on a NETZSCH 
STA 409PC instrument under nitrogen gas. Powder X-ray diffraction was performed in 
the 2θ range of 10–80° (Rigaku MiniFlex600, Cu Kα radiation). The integrated cathode 
of SPEEK and S/CMK-3 was constructed by a dispersion-evaporation process. SPEEK 
was dissolved in N-methyl-2-pyrrolidone (NMP) and then S/CMK-3 composite was 
added to form the dispersion; which was coated on aluminium foil using a doctor blade 
and heated at 50oC to eliminate the NMP solvent.  Circular disks with diameter of 1.0 
cm were cut out for use in the batteries. During this process, SPEEK film was formed to 
wrap the sulphur/carbon composite owing to the strong thermodynamic driving force in 
reducing hydrophobic interface and the excellent film-forming ability of SPEEK. The 
integrated sulphur cathodes were constructed with weight ratios of 8:1:1 and 6:2:2 
(S/CMK-3: Super P: SPEEK). The electrode laminate weight ranges from 1.0 to 1.5 mg. 
A control cathode with formulation of 8:1:1 (S/CMK-3: Super P: PVDF) and similar 
electrode laminate weight was used for comparison. 
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4.2.3 Electrochemical Measurements 
CR2032 coin cells were assembled in an argon-filled glove box by pairing sulphur 
cathodes and lithium anodes, and the electrolyte was 1.0 M lithium bis 
(trifluoromethanesulphonyl) imide (LiTFSI) with 1% LiNO3 in a binary mixture of 
1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1 by volume). Galvanostatic 
charge/discharge was performed on a LAND battery testing machine (Wuhan, China) 
and a voltage window between 1.7 and 2.6 V was applied. The current density and the 
specific capacity of an electrode were calculated based on the mass of sulphur, if not 
specified. Both Cyclic Voltammograms (CV) and Electrochemical impedance 
spectroscopy (EIS) were recorded with a PARSTAT electrochemical workstation. The 
sweeping rate of CV was 0.1 mV s–1. The EIS was recorded in the frequency range from 
100 kHz to 100 mHz with a perturbation amplitude of 5 mV. The electrodes with 10 wt% 
of polymer were measured at charged state (current density: 1 C) from the 1st to the 
200th cycle. The obtained EIS data were fitted using ZView software. 
4.3 Results and Discussion 
Nanochannels with surface charge can regulate the ion transport across the 
membrane.165 There are two major factors that determine the ion-transport property of 
nanochannles: (1) the dimension of the channels and (2) the surface charge density of 
the channels. For battery applications, polymer material containing nanochannels is 
more desirable for its controlled charge density and excellent stability. Particularly, 
polymer with negatively charged nanochannels can be expected to enhance the Li+-ion 
transport and reject the diffusion of Sx
2- (x = 4~8) anions, simultaneously solving the 
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two most important problems for Li-S batteries. In this work, a typical sulphonated 
aromatic polymer, sulphonated poly (ether ether ketone) (SPEEK), 186 is introduced into 
the sulphur cathode. 
The molecular structure of SPEEK is shown in Figure 1b. SPEEK was prepared through 
a sulphonation reaction of the precursor aromatic polymer poly (ether ether ketone). 
Sulphonate groups are introduced through an electrophilic substitution reaction into the 
hydroquinone segment of the polymer backbone, for the hydroquinone part has been 
activated by the ether linkage. The existence of sulphonate groups in SPEEK is 
evidenced by FTIR (Figure S4.4). The peak at 1490 cm–1 (ascribed to aromatic C=C 
stretching) for PEEK is split into two peaks at 1473 and 1505 cm–1 for SPEEK due to 
the effect of sulphonate groups. Meanwhile, compared to the spectra of PEEK, three 
new peaks appear for SPEEK: 1253 cm–1 for O=S=O asymmetric stretch, 1080 cm–1 for 
O=S=O symmetric stretch and 710 cm–1 for S-O symmetric stretch.  
 
Figure 4.4 FTIR spectra of PEEK and SPEEK. 
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The structure of SPEEK was further analyzed by the 1H NMR spectra. The molecular 
structure is shown in Figure 4.5a with each hydrogen atom numbered. The percentage 
of the x part in the polymer structure composed of x and y indicates the degree of 
sulphonation (DS), which refers to the percent of monomers that have been substituted 
by sulphonate groups. The chemical shift assignment of SPEEK is shown in Figure 4.5b. 
Under the effect of the sulphonate group, the chemical shift of the adjacent hydrogen 
atom moves toward the lower field by 0.25 ppm. Based on the relative integration of the 
H10’ peak from the 1H NMR, The DS is calculated to be 89% according to the literature. 
It is assumed that the area of H10’ is 1, then the area of all the peaks of the numbered 
hydrogen atoms is integrated to be 12.5. DS/ (12-DS) = A (H10ꞌ)/ A (all the numbered 
H) = 1/12.5. Thus, DS is calculated to be 89%.  
 
Figure 4.5 The molecular formula (a) and 1H NMR spectra (b) of SPEEK in DMSO-d6. 
Owing to the introduction of sulphonate groups, SPEEK is composed of two separated 
domains: hydrophobic backbone and hydrophilic ionic groups. The ionic interactions of 
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the negative sulphonate groups produce nanochannels, which are negatively charged by 
the sulphonate   groups at the surface. The charge density and diameter of the 
channels could be adjusted with the degrees of sulphonation (DS). the SPEEK with a 
high DS of 89% was used, owing to the high charge density of the sample and the 
excellent film-forming ability at nanometer levels. Furthermore, the digital photo of a 
50 μm thick SPEEK membrane (Inset, Figure 4.6a) demonstrates that the polymer can 
form films with thickness at micrometre levels. 
 
Figure 4.6 Characterizations of SPEEK membrane. a) SAXS data of the polymer 
membrane before and after soaking in the electrolyte for 24 h. (Inset) Digital photo of 
solution-casted SPEEK membrane with thickness of approximately 50 μm. b) TEM 
image of SPEEK membrane stained with silver ions. The darker areas represent 
hydrophilic domains and the lighter arears represent hydrophobic domains. c) Statistics 
of the dimension of the hydrophilic domains and the Gauss fitting profile. d) 2D raw 
image and e) the corresponding 3D reconstruction of Ag+-stained SPEEK membrane. f) 
TEM image of Ag+-stained SPEEK membrane wrapping CMK-3 particles. 
The nanoscale structure of the polymer, particularly the inherent negatively charged 
nanochannels, was characterized by small-angle X-ray scattering (SAXS) and 
Transmission Electron Microscopy (TEM). The average diameter of the channels was 
determined to be 1.8 nm, calculated (d = 2π/q) using the q = 3.5 nm–1 of the ionomer 
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peak (Figure 4.6a).187, 188 To evaluate the maintenance of the nanochannels structure of 
SPEEK in electrolyte, a piece of the SPEEK membrane after being immersed in the 
electrolyte for 24 h was characterized by SAXS. The ionomer peaks of the two samples 
overlapped with each other, demonstrating that the nanochannels structure would 
remain the same even in the electrolyte. Besides, the robustness of the SPEEK 
membrane was also proved, for the physical shape of the membrane was maintained in 
the electrolyte without evident swelling or dissolution.  
In order to clearly observe the hydrophilic nanochannels, SPEEK was stained with Ag+, 
as the staining with heavy metal enlarged the contrast between the hydrophilic domain 
and the hydrophobic domain of the polymer (Figure 4.6b).189 The spreading dark areas 
refer to the hydrophilic nanochannels and the brighter region represents the hydrophobic 
domain. The size distribution of darker domains indicates the average diameter of 1.8 
nm (Figure 4.6c), which agrees well with the result of SAXS analysis. 
3D structure reconstruction of SPEEK was also obtained by TEM tomography data with 
tilt angle range of ±60o, in increments of 2°. A raw image of the SPEEK specimen can 
be seen in Figure 4.6d. 3D rendering of this specimen was completed by Chimera190 
after structure reconstruction of TEM tomography, which is a technique broadly applied 
in biological field.191, 192 The corresponding 3D image of the square region marked by 
yellow imaginary frame is shown in Figure 4.6e. In contrast to the 2D image, the 
nanochannels formed by the hydrophilic domain (transparent region) are observed to be 
networked and across the membrane. This 3D reconstruction tomography gives us 
direct evidence about the networked-channel structure and paves the way for analysis of 
similar polymers comprised of separated hydrophilic and hydrophobic microphases.  
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The proposed structure of the integrated cathode with SPEEK membrane and S/CMK-3 
composite, as revealed in Figure 4.1, was proved by TEM observation. It has been 
demonstrated that SPEEK possesses excellent film-forming ability, at thickness levels 
ranging between nanometer and micrometer. However, because of the similar contrast 
between the polymer material and the carbon material, it was difficult to distinguish 
them in TEM images. Besides, the main elements are the same (i.e. carbon) for the two 
materials, hence the tool of Energy dispersive spectrometry (EDS) can hardly be 
utilized for the characterization. Therefore, in order to clearly identify the polymer 
membrane, the Ag+-stained SPEEK was used to replace the bare SPEEK polymer. In 
result, the SPEEK membrane with both darker and lighter nanosized domains was 
obviously seen wrapping the carbon material of CMK-3 with ordered structure (Figure 
4.6f). 
SPEEK is a sulphonated aromatic polymer with bulk region of the aromatic polymer 
skeleton and networked nanochannels with a diameter of ~ 2 nm. The sulphonate groups 
uniformly distribute at the surface of the nanochannels for ionic interaction with a 
surface charge density σ0. According to the solution theory by de Gennes
193, in 
semidilute solution, polymer coils are densely packed and the surface charge density of 
sulphonate groups is calculated as follows: σ = f / 𝑟2, where f is the divided number of 
sulphonate groups and r is the radius of gyration. Based on reptation model194, 
considering that f /𝑟2 is just about the densely packed polymer coils with size of radius 
of gyration applying to solution of polymer at overlap concentration, and the polymer 
film was prepared using larger concentration of polymer solution, so here a rectified 
factor A (A > 1) is introduced to make the model approach to the experiment. Then the 
area density of sulphonate groups should be: σ0=A*f/𝑟2. According to the experimental 




Figure 4.7 Surface charge governs the ion transport behavior in nanochannels. When the 
radius of the channel is comparable to Debye length, the electric potential (yellow) in 
the nanochannels is not equal to the bulk potential. And the counter-ion concentration 
(red) is much higher than the co-ion concentration (blue). 
For simplicity, the networked nanochannels in SPEEK is considered as a cylindrical 
shape with a diameter of 2 nm with a surface charge density σ0 generating a surface 
potential φ0 and a length L (100 nm) as shown in Figure 4.7. 
A two-dimensional symmetric model was used to calculate the ion transport along the 
nanochannels COMSOL: 








                                              
(4.1) 
Where 𝜑  is the electrical potential, ρ(x) is the net charge density in the 
nanochannel, 𝜖𝑟 is permittivity of the fluid, ni is the concentration of the ith ionic 
species, and zi is the valence. 
(2) Steady-state Nerest-Plank equation for ion motion: 
∇ ⋅ 𝑁𝑖⃗⃗  ⃗ = ∇ ⋅ (𝑛𝑖𝑣 − 𝐷𝑖∇𝑛𝑖 − 𝜇𝑖𝑛𝑖∇𝑈) = 0                                 (4.2) 
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Where 𝑁𝑖⃗⃗  ⃗ is the ionic flux density of ith ionic species, 𝐷𝑖 is the diffusivity and is 𝜇𝑖 
the mobility. 
The net charge density inside pore, ρ(r) is obtained by the Poisson-Boltzmann equation, 
Boltzmann distribution, and Debye-Hückel theory (r is the radial position (0≤r≤R/2))195, 




                                                  
(4.3)  
where 𝜖 is the permittivity of the electrolyte solution, and I0 is the zero-order modified 
Bessel function of the first kind. 
The negative charge on the surface governs the ion transport behaviour in the 
nanochannels (Figure 4.7). The charge induces an electrical double layer (EDL) 
containing an excess of cations of which the thickness is comparable to the Debye 
screening length κ-1 (Debye length (κ−1 = 𝜖𝑟𝜖0𝑘𝑇/2𝑧
2𝑒2𝑁𝑎𝑐 ), where 𝜖0  is the 
permittivity of free space, 𝜖𝑟  is the dielectric constant of solvent DOL and DME, k is 
the Boltzman constant, Na is the Avogadro number, T is the absolute temperature, e is 
the charge of an electron, c  is ionic strength of the electrolyte in moles per m3). And 
the Debye screening length κ-1 is about 1 nm (lowest concentration 10 mM). So the 
radius of the nanochannels is comparable to the Debye length which determines the 
ideal cation permselectivity165. 
Consider the concentration of the LiTFSI solution to be 0.1 mol L-1 in DOL and DME, 
and the surface charge density is 0.16 C m-2. Figure 4.8 shows the concentration of ions 
in SPEEK nanochannels in x direction along the axis of symmetry, from which the 
concentration difference between Li+ and TFSI- can be read to be about 1000 mM which 
is larger than the bulk concentration. So there is a large potential barrier for anions pass 
through the channels. In this case, the channels become essentially a unipolar solution 
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of cations which agree to the visual experiment in Figure 3a very well. With such high 
surface charge density in SPEEK membrane, the nanochannels are unipolar solution of 
lithium ions and the anions (polysulphides) are essentially repelled from the channels, 
thus keep the loss of sulphur from dissolved into the electrolyte. 
 
Figure 4.8 The concentration of ions in negatively charged nanochannels along the x 
direciton. The surface charge is considered to be 0.16 C m-2. The bulk concentration of 
LiTFSI solution is 0.1 mol L-1 in DOL and DME. 
As discussed above, the concentration of counter-ion (lithium ion) are enhanced in the 
negatively charged nanochannels. When an external potential E is applied across the 
SPEEK membrane, the net lithium ions will produce an electroosmotic flow (EOF). 
This EOF increases the drag force on the enriched lithium ions in the channels which 
enhance the translocation speed of lithium ions through the cathode/electrolyte interface 
as shown in Figure 3d. 
In the nanochannels, surface charge will affect both ion permselectivity165 and 
translocation speed.196 In this work, the SPEEK polymer possesses negatively charged 
nanochannels with diameter of ca. 2 nm. To verify the ion permselectivity of SPEEK 
membrane, a visual experiment was conducted by mounting the SPEEK  
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Figure 4.9 Ion-regulation property of SPEEK membrane. a) Visual evidence of SPEEK 
membrane regulating ion transport. The left side is LiTFSI (0.1 M) and the right side is 
Li2S8 (0.1 M) in 1,3-dioxolane (DOL) / 1,2-dimethoxyethane (DME) (v/v = 1:1). b) I-V 
curve in the case of a concentration ratio of 10 for the electrolyte solution with 1 M in 
one side and 0.1 M in the other side. The solution is LiTFSI in DOL/DME (v/v = 1:1). c) 
Comparison of membrane potentials obtained for the SPEEK membrane and the values 
showing ideal cation permselectivity (the dashed line); each experimental data point is 
the average of five replicate measurements. d) Schematic depiction of the negatively 
charged nanochannels in SPEEK membrane facilitating the transport of lithium ions and 
rejecting anions. Inside the nanochannels, it is almost a unipolar solution of lithium ions 
without the presence of anions. 
membrane between two half-cells of an H-type glass cell (Figure 4.9a) with one 
side containing lithium bis(trifluoromethanesulphonyl) imide (LiTFSI, 0.1 M) as an 
electrolyte and the other side a colored lithium polysulphide solution (Li2S8, 0.1 
M). The electrolyte solution still remained colorless even after voltage sweeping 
between -0.5 V and 0.5 V for 48 h at a rate of 0.05 V s–1. The corresponding I-V 
curve is shown in Figure 4.10 in the Supporting Information. In spite the high 
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current produced, no colour change on the LiTFSI side of the glass cell was 
observed, showing that the SPEEK membrane can reject the polysulphide anions 
to migrate through the nanochannels but allow the transport of lithium ions with 
the observed current flow. This important experimental phenomenon leads us to 
hypothesize that inside the channels it is a unipolar solution of lithium ions 
without the presence of polysulphide anions. 
 
Figure 4.10 I-V curve of an SPEEK membrane set in an H-type glass cell with one side 
containing LiTFSI (0.1 M) and the other side with coloured lithium polysulphide 
solution (0.1 M). 
The cation permeability was quantitatively studied by mounting the SPEEK membrane 
between asymmetric chambers with different concentrations of LiTFSI solution (one 
with a lower concentration (Cl) and the other with a higher concentration (Ch)). The I-V 
curve collected when the concentration ratio was 10 (Figure 4.9b) indicates a 
three-order preference for Li+ over TFSI– according to equation 1, the 












                    
(4.4) 
Where Vr is the reversal potential which can be read from the intercept of the 
current-voltage curve with the X axis, Cx is the concentration of ion x, F is the Faraday 
constant, R is the gas constant, T is the absolute temperature, subscripts h and l 
represent the high and low compartments, respectively. 
The reversal potential was compared with the membrane Em, which is calculated by the 
Nernst equation: 𝐸𝑚 = (𝑡+ − 𝑡−)ln(𝐶ℎ/𝐶𝑙)𝑅𝑇/𝑧𝐹 , where z is the charge of the ions, 
𝑡+ and 𝑡− are the transference numbers for cations and anions, respectively. As shown 
in Figure 4.9c, the reversal potential is comparable to the ideal membrane potential, 
reflecting the ideal cation permeability property of SPEEK, which agrees well with the 
theoretical analysis result.165  
For the negatively charged nanochannels in SPEEK, not only lithium ions are 
permeably transported and the polysulphide anions are rejected, but also the 
translocation speed of lithium ions is enhanced. The negative sulphonate groups of 
SPEEK uniformly distribute at the surface of networked channels with a diameter of ca. 
2 nm. The surface charge induces an electrical double layer (EDL), which possesses a 
thickness comparable to the Debye length (Figure 4.7). The EDL contains an excess of 
cations to compensate the fixed surface charge. According to the theoretical analysis, it 
is assumed that inside the channels, it is almost a unipolar solution of lithium ions 
(Figure 4.8). With a high surface charge density in SPEEK membrane, the nanochannels 
are unipolar solution of lithium ions and the anions (including polysulphide ions) are 
essentially repelled from the channels. These properties of the negatively charged 
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nanochannels in SPEEK membrane lead to an ideal cation permselectivity. Moreover, 
when an external potential is applied across the SPEEK membrane, the net lithium ions 
will produce an electroosmotic flow (EOF). This EOF increases the drag force on the 
enriched lithium ions in the channels, enhancing the translocation speed of lithium ions 
and rejecting the anions to pass through (Figure 4.9d).  
Based on the experimental and theoretical results, the negatively charged nanochannels 
in SPEEK membrane enable rapid transport of cations (e.g., lithium ions) and reject 
anions (e.g., polysulphides), which holds a great potential in application in the cathode 
of the Li-S battery. In order to demonstrate this key property of the SPEEK polymer, the 
SPEEK polymer membrane was integrated in the sulphur cathode with significantly 
enhanced electrochemical performance. 
The SPEEK and the S/CMK-3 composite was integrated to form sulphur cathode 
through a dispersion-evaporation strategy. Sulphur was filled into the channels of 
CMK-3 by melt-diffusion method and an S/CMK-3 sample with sulphur contents of 48 
wt% was produced. In the process of electrode preparation, SPEEK was dissolved in 
N-methyl-2-pyrrolidone (NMP) and then S/CMK-3 composite was added to form the 
dispersion, which was coated on aluminium foil using a doctor blade and heated at 50oC 
to eliminate the NMP solvent. During this process, SPEEK film was formed to wrap the 
sulphur/carbon composite because of (1) the excellent film-forming ability of SPEEK 
and (2) the strong thermodynamic driving force in eliminating hydrophobic interface.197, 
198 In this novel integrated sulphur cathode, SPEEK membrane locates between the 
sulphur and the liquid electrolyte; the negatively charged nanochannels across the 
SPEEK membrane regulate the ion transport of both Li+ and Sx
2- ions165, hence mediate 
the electrochemical performance of the novel cathode. 
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Figure 4.11 Comparison of electrochemical performances between the integrated 
cathode and the control cathode. a) The cycling profiles of the integrated cathode at 0.2 
C and 1 C and that of the control cathode at 1 C. b) Galvanostatic charge/discharge 
profiles at the 100th cycle for the integrated cathode and the control cathode at 1C. c) 
Plot of sulphur utilization versus cycle number for the integrated cathode and the 
control cathode. d) Nyquist plots of the cells for the Integrated cathode (S1~S3) and the 
control cathode (P1~P3) at charged state after 100 cycles.3 cells were tested for each 
cathode. The integrated cathode contains 10 wt% of SPEEK (S/CMK-3: Super P: 
SPEEK = 8:1:1). 
The integrated cathode, which possesses the ion-regulation property of the 
involved SPEEK polymer membrane, was demonstrated in Li-S batteries. It is 
well-known that the diffusion of the dissolvable polysulphide anions into the 
electrolyte from a sulphur cathode could cause quick capacity decay. For the 
integrated cathode, the polysulphide-rejecting ability of the polymer membrane 
will significantly improve the cycling stability. As shown in Figure 4.11a, the 
integrated cathode shows high capacities and stable cycling at 0.2 C and 1 C. The 
initial specific capacities are 1452 and 1358 mA h g–1, respectively. Moreover, high 
capacities of 1105 and 838 mA h g–1 are retained after 100 cycles at 0.2 C and 1 C, 
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respectively. In comparison, at 1 C, the 100th-cycle capacity of the control cathode is 
395 mA h g–1, much lower than that of the integrated cathode. Besides, the integrated 
cathode shows markedly lower hysteresis. The charge/discharge voltage profile (Figure 
4.11b) of the integrated cathode presents two discharge plateaus at 2.3 and 2.1 V and 
two charge plateaus at 2.3 and 2.4 V, in accordance with the CV results (Figure 4.12). 
In contrast, the charge/discharge voltage profile of the control cathode exhibits one 
discharge voltage platform at a much lower voltage (1.9V) and one sloping curve 
centered at 2.5 V, much higher than that of the charge process for the integrated cathode. 
The significantly higher capacity and lower hysteresis together make the specific energy 
density of the integrated cathode much higher than that of the control cathode. The 
higher sulphur utilization of the integrated cathode also indicates the 
polysulphide-retaining property of the SPEEK polymer membrane (Figure 4.11c). The 
integrated cathode has a sulphur utilization (50%) more than twofold that for the control 
cathode (23.6%) after 100 cycles, though the utilizations for the initial cycle are similar 
(approximately 80%) for the two cathodes. The greatly improved capacity, enhanced 
cycling stability and the increased sulphur utilization of the integrated cathode indicates 
that the SPEEK polymer membrane greatly blocks the diffusion of the polysulphide 
anions into the electrolyte, as demonstrated by the visual experiment. 
Additionally, the electrochemical kinetics of the integrated cathode is 
significantly enhanced, as evidenced by the electrochemical impedance 
spectroscopy (EIS) results. EIS is a useful tool in evaluating the reaction 
mechanism and kinetics of an electrochemical system. As have been stated, the 
negatively charged nanochannels across SPEEK membrane enhance the transport 
of lithium ions and reject the diffusion of negative polysulphide anions. Therefore, 
the sulphur cathode integrated with the SPEEK membrane holds the potential to 
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Figure 4.12 CV curves of the integrated sulphur cathode. The two reduction peaks at 
approximately 2.05 and 2.3 V imply that two discernible discharging processes exist, 
that is, sulphur is reduced to form polysulphide intermediates and then the end products 
of Li2S2/Li2S. Two overlapping oxidation peaks at 2.3 and 2.4 V indicate two stages of 
the charge procedure with close reactive potentials. 
improve the electrochemical kinetics of the corresponding Li-S cell. Besides, for 
the conventional sulphur cathode, the polysulphides diffuse out of the carbon 
nanochannels of CMK-3 and transform into sulphur at the charged state and 
Li2S/Li2S2 at the discharged state. The insulating products of sulphur or 
Li2S/Li2S2 accumulate on the carbon surface and can be a barrier for both the 
Li+-ion transport and the electron transfer. In this regard, the 
polysulphides-rejecting property of the SPEEK membrane can greatly reduce the 
impedance resulted from the solid product accumulation. Furthermore, the 
Li+-facilitating ability of the polymer membrane also enhances the 
electrochemical kinetics and lowers the impedance. These important properties 
are revealed by the significantly decreased two depressed semicircles (Figure 
4.11d). Integrated cathodes and control cathodes, each with 3 samples, were 
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examined. All the six curves are composed of two depressed semicircles and one 
sloping line. One of the semicircles locates in the high frequency (HF) region 
(100 kHz – 100 Hz) and the other in the middle frequency (MF) region (100 Hz – 
1 Hz), while the sloping line in the low frequency (LF) region (1 Hz – 0.1 Hz) 
(Table 4.1).  
Table 4-1 Frequency regions of the Nyquist plots of the six cells with the integrated 








The equivalent electrical circuit for the Nyquist plots is presented in Figure 4.13a. Re 
represents the electrolyte resistance. Rsei//CPE1 corresponds to the HF semicircle, 
representing the resistance and capacitance in the HF region. Rsei represents the 
impedance of the solid-electrolyte interface, which refers to both the cathode/electrolyte 
and anode/electrolyte interfaces. The circuit element of CPE (constant phase element) is 
used here to replace Capacitance in order to take into account the non-ideal property of 
the real electrode, the surface of which to some extent is porous and rough. Rct//CPE2 is 
attributed to the MF semicircle, representing the charge-transfer resistance and 
capacitance in the MF region. 
Cells HF region (Hz)  MF region (Hz)  LF region (Hz)  
Integrated 
cathodes 
S1  100 k ~ 100  100 ~ 2.089  2.089 ~ 0.1  
S2 100 k ~ 229  229 ~ 2.754  2.754 ~ 0.1  
S3  100 k ~ 100  100 ~ 2.754  2.754 ~ 0.1  
Control 
cathodes 
P1  100 k ~ 174  174 ~ 0.692  0.692 ~ 0.1  
P2  100 k ~ 76  76 ~ 0.692  0.692 ~ 0.1  
P3  100 k ~ 100  100 ~ 0.525  0.525 ~ 0.1  
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Figure 4.13 Analysis of the resistance parameters of Li-S batteries. (a) Equivalent 
electrical circuit for the Nyquist plots of the Li-S batteries at charged state for both the 
integrated cathode and the control cathode. (b) Plots of Re versus cycle number for the 
integrated cathodes (S1~S3) and the control cathodes (P1~P3). (c) the same as in b, but 
for Rsei. (d) the same as in b, but for Rct. Error bars are added in (b-d) to indicate the 
measurement uncertainty. 
As for the inclined line in the LF region, although in the literature, Warburg impedance 
(Wo) is used for modelling the ion diffusion in the electrode. However, it is found that 
either the Wo-R or Wo-T needs to be “fixed”, otherwise the fitting would fail. Therefore, 
CPE3 is used for the LF region to represent an infinite length Warburg element.  
All the Nyquist plots are fitted and the resistance values are plotted against cycle 
number. As shown in Figure 4.13b, Re is similar and stable for both the integrated and 
control cathodes. In Figure 4.13c, Rsei for the integrated cathodes is much smaller than 
the control ones. With the cells cycled, polysulphides diffuse out of the channels and are 
oxidized to solid sulphur. For the integrated cathode, the polysulphides are blocked 
inside the carbon nanochannels by the negatively-charged nanochannels across SPEEK 
membrane, hence less sulphur accumulated on the carbon surface and the Rsei is much 
smaller. Meanwhile, the accumulation of the polysulphides on the lithium anode has 
also been greatly decreased, which leads to lower impedance compared to that of the 
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control cells. Both the cathodes have a trend of decreasing in the initial 10 cycles and 
then increasing in the following cycles. This phenomenon might be caused by the 
“activation” process in the initial several charge/discharge cycles. However, with the 
cycles increasing, the accumulation of inactive solid sulphur species on the carbon 
surface becomes more severe and the impedance grows. As for Rct, the values for the  
 
Figure 4.14 High-rate properties of the integrated cathode. a) Discharge capacity and 
Coulombic efficiency over 250 cycles at current densities of 9 C and 18 C, respectively. 
b) Cycling stability of a Li-S cell at different rates ranging from 1 C to 18 C. c) Charge 
and discharge voltage profiles at different rates of 0.2 C, 1 C, 3 C, 9 C, 18 C, 40 C and 
60 C. The cathode contains 20 wt% of SPEEK (S/CMK-3: Super P: SPEEK = 6:2:2). 
integrated cathodes are much smaller than those for the control cathodes for the Li+-ion 
enhancing property of negatively charged nanochannels in the integrated SPEEK 
membrane. Also should be noted is that Rct for the integrated cathodes keeps almost 
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stable with cycling, while for the control cathodes Rct becomes larger. The smaller and 
more stable Rct for the integrated cathodes demonstrates that the integrated SPEEK 
membrane has the potential of evidently improving the electrochemical kinetics and 
stabilizing the electrode in operation. 
The low impedance of the integrated cathode, together with the strong retaining ability 
for the polysulphide anions, results in stable high-rate battery performance. At 9 C, the 
capacity retains at 708 mA h g–1 over 250 cycles with a small capacity decay of 0.059% 
per cycle (Figure 4.14). At such high rate, the Coulombic efficiency stays at a high level 
above 96.5%. At 18 C, the initial capacity is 670 mA h g–1 and he capacity retention is 
91% over 250 cycles. Both the high capacity and excellent Coulombic efficiency prove 
the high-rate capability and high stability of the integrated cathode. Further, undervaried 
charge/discharge rates from 1 C to 18 C, a high capacity of 947 mA h g–1 is maintained 
after 100 cycles (Figure 4.14b). The charge/discharge profiles of the integrated cathode 
at varied rates from 0.2 C to 60 C are presented in Figure 4.14c, demonstrating high 
capacities and High stabilities in a wide range of rates. Even at extremely high rates of 
40 C and 60 C, the cycling stabilities are excellent (Figure 4.15). The high-rate 
performance of the integrated cathode indicates the Li+-facilitating property of the 
SPEEK polymer membrane, the other of the two important aspects of the 
ion-transport-regulation. 
4.4 Conclusions 
In summary, the ion-transport-regulating property of the SPEEK membrane was 
theoretically and experimentally characterized and successfully demonstrated it in 
lithium-sulphur batteries. The polymer membrane bares negatively charged 
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nanochannels with a dimension (ca. 2 nm) comparable to the Debye length, which 
facilitate the transport of the cations (e.g., lithium ions) and reject the anions 
 
Figure 4.15 Charge and discharge voltage profiles for the 1st, 100th, 200th and 500th 
cycles at rates of (a) 40 C and (b) 60 C respectively. Based on the total weight of the 
electrode laminate, the current densities are 19.3 and 28.9 A g-1, respectively. At such 
high current densities, the capacities reach high level comparable to the best results for 
conventional intercalation cathode materials at similar high rates. The capacities for the 
first and 500th cycles are 633 and 340 mA h g–1, respectively. Similarly, at 60 C, the 
initial capacity is ca. 470 mA h g–1 with capacity retention of 48% over 500 cycles. 
 (polysulphides). The novel integrated sulphur cathode shows stable long-life high-rate 
cycling. At 0.2 C, the capacity is kept at 1105 mA h g–1 after 100 cycles.  At a high 
rate of 18 C, a high capacity of 612 mA h g–1 can be kept after 250 cycles. It is believed 
this novel design of the integrated sulphur cathode with polymer membrane regulating 
ion transport could open up new opportunities for revolutionizing the traditional ways 
of advancing battery systems. 
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5 CHAPTER 5 IMPROVED CYCLING STABILITY OF 
LITHIUM-SULPHUR BATTERIES BY ENHANCING THE 
RETENTION OF ACTIVE MATERIAL WITH A SANDWICHED 
HYDROTHERMALLY TREATED GRAPHITE FILM 
5.1 Preface 
Li-S batteries have been considered as promising next-generation batteries owing 
to their high theoretical specific capacity of 1675 mA h g-1 and energy density of 
2500 W h kg-1, the abundance and low price of sulphur7, 199-201. The theoretical 
energy density of Li-S batteries is 3~5 times higher than that of conventional 
lithium ion batteries116, 175, 202. These attractive advantages make Li-S batteries an 
important candidate of energy storage systems for wide applications in electric 
vehicles and back-up energy storage applicants for renewable and intermittent 
energies like solar and wind. However, compared to conventional electrode 
materials (LiCoO2, LiFePO4, etc.), a unique problem for sulphur as the cathode 
material is the low utilization of the active material sulphur67, 172, 203. First, the 
intrinsic high electrical resistivity of sulphur makes the active material utilization 
very low, particularly at high rates204. Because of the poor transport of both 
lithium ions and electrons, a certain percentage of the sulphur in the cathode is 
not able to be participating in the electrochemical reactions. This is one main 
reason that for a long time, the reported capacity of Li-S batteries was low until 
Nazar et al. reported a high-capacity Li-S cathode of S/CMK-3 composite, 
prepared by a melt-diffusion method74. Second, apart from the low utilization of 
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sulphur in the cathode, sulphur is lost in the form of polysulphides, which are the 
solvable intermediate products in the transformation between the two end 
products of sulphur and Li2S. The intermediate polysulphides are dissolved in the 
ether-based liquid electrolyte and shuttle between the sulphur cathode and the 
lithium anode, causing quickly decay of the capacity181, 205-207. To increase the 
active material utilization, varied approaches have been applied. For example, 
sulphur has been incorporated with different carbon materials76, 82, 174, 180, 208, 
conductive polymer93, 171, 183 and metal oxides85, 100. Also, the interlayer strategy 
proves effective in decreasing the polysulphide shuttling problem134, 209. 
Here, we report a new configuration of Li-S batteries using a graphite film sandwiched 
between the sulphur cathode and the separator (Figure 5.1). The cathode material is 
sulphur/Super P composite (S/SP). The graphite film was hydrothermally treated in 
order to anchor functional groups of carbonyl and carboxyl, which have strong affinity 
with the polysulphides. The graphite film suppresses the polysulphide shuttling problem 
and provides extra reaction sites for the sulphur species, thereby improves the active 
material utilization, the capacity and the cycling stability of the Li-S battery. 
5.2 Experimental 
5.2.1 Hydrothermal treatment of the graphite film 
Graphite films were ultrasonically treated in acetone, and then put into a 100 mL 
Teflon-lined stainless-steel autoclave. 50 mL of deionized water was added and heated 
at 120°C for 10 h. After the hydrothermal treatment, the films were ultrasonicated in 
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acetone and dried at 100 for 4 h and then put into a glove box filled with argon. Before 
the cells were assembled, the graphite films were soaked in the electrolyte for 24 h. 
5.2.2 Material characterizations 
S/SP composite was prepared through the reaction between sodium thiosulphate and 
oxalic acid. Raman scattering experiments were performed on a JOBIN YVON HR800 
Confocal Raman system with a 632.8 nm He-Ne laser. The morphology and structure of 
the samples were investigated by X-ray diffraction (XRD) (GBC MMA), field emission 
scanning electron microscopy (FE-SEM; JEOL JSM-7500FA) with an energy 
dispersive X-ray spectroscopy (EDS) detector and transmission electron microscopy 
(TEM, JEM 1200EX). X-ray photoelectron spectroscopy (XPS) was conducted with a 
SPECS PHOIBOS 100 Analyser installed in a high-vacuum chamber with the base 
pressure below 10-8 mbar, with X-ray excitation provided by Al Kα radiation with 
photon energy hʋ = 1486.6 eV at the voltage of 12 kV and power of 120 W. XPS 
spectra were recorded with a 20 eV constant pass energy. The binding energy scale was 
calibrated using the C1s peak at 284.6 eV. 
5.2.3 Electrochemical Measurements 
The S/SP composite was mixed with super P and poly (vinylidene fluoride) (PVDF) 
with a weight ratio of 80:10:10 in N-methyl-2-pyrrolidone (NMP) to form slurry, which 
was pasted on aluminium foil and then dried in a vacuum oven at 50°C for 24 h. 
Sulphur content in a typical electrode is around 0.8 mg cm-1. CR 2032 coin-type cells 
were assembled in an Ar-filled glove box (Mbraun, Unilab, Germany) using lithium 
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metal foil as the counter electrode. For the new configuration, a piece of graphite film 
was placed between the sulphur cathode and the separator. The electrolyte was 1 M bis 
(trifluoromethane) sulphonimide lithium salt (LiTFSI) in a 1:1 vol/vol mixture of 1, 
3-dioxolane (DOL)/dimethoxyethane (DME). Cell disassemble was carried out in the 
glove box; the sandwiched graphite film and the cathode were washed with DOL and 
dried at room temperature. The cells were charged/discharged at 168 mA g-1 using a 
charger system manufactured by Land Battery Testers. Cyclic voltammetry (CV) was 
conducted on a Biologic VMP3 electrochemistry workstation at a scanning rate of 0.1 
mV s-1. 
5.3 Results and Discussion 
 
Figure 5.1 A new cell configuration with a graphite film sandwiched between the 
sulphur cathode and the separator. A lithium metal foil as the anode and a 
core-shell structured S@SP is used as the cathode material. A hydrothermally 
treated graphite film is sandwiched between the sulphur cathode and the Celgard 
2500 separator. 
For the cathode material, a new structure of S/SP composite was prepared. The sulphur 
in the S/SP composite was confirmed by X-ray diffraction (Figure 5.2a) and Raman 
spectra (Figure 5.2b). The two peaks at 1345 and 1604 nm-1 are assigned to Super P. As 
determined by Thermogravimetric analysis, the content of sulphur in the composite is 
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75 wt%. The core-shell morphology of the composite can be seen from the scanning 
electron microscopy (SEM) images. The size of the composite is around 10 μm (Figure 
5.2c), at the surface of which are linked nanoparticles of Super P (Figure 5.2d). The 
linked nanoparticles have a diameter of around 40 nm (Inset). The S/SP composite is 
composed of the micrometer-sized sulphur particle as the core and the linked 
nanoparticle (~ 50 nm) of Super P as the wrapping layer. We assume the contact coating 
of Super P improves the conductivity of the micrometer-sized sulphur particles. 
 
Figure 5.2 Composition, structure and morphology analysis of the as-prepared 
core-shell structured S@SP composite. (a) XRD patterns and (b) Raman spectra of 
S@SP and sulphur. SEM images of S@SP composite at magnifications of (c) × 
2,000 and (d) × 30,000. The dark areas marked by red dotted circles represent 
sulphur as the core and the brighter linked nanoparticles are Super P as coating 
layer. 
The graphite film after hydrothermally treated was analysed by XPS and SEM. The 





Figure 5.3 Structure and morphology characterization of hydrothermally treated 
graphite film. XPS spectra for (a) C1s and (b) O1s peaks and fitting curves. SEM 
images of the inside of the graphite film at magnifications of (c) × 2,000 and (d) × 
10,000. 
can be assigned to aromatic C-C bonds, and the broad low-intensity peak centred at 
291.0 eV corresponds to the π-π* shake up satellite210. Between them are the other three 
peaks, which are at 285.9, 287.0 and 288.6, respectively. It was reported211 that 
compared to the graphite C1s peak, single-bonded C-O, double-bonded C=O and 
carboxylic O-C=O are shifted by ~1.5 eV, 3.0 eV and4.5 eV, respectively. It can be 
seen that the shifts for these three components match very well with these values. These 
organic functional groups are also reflected by the XPS O1s spectrum in Figure 5.3b. 
The peaks at 533 and 534 eV are assigned to O-C sp3 and O-C sp2 species, 
respectively212. These oxygen species might have been introduced into the graphite 
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under the hydrothermal treatment. It is noteworthy that, during the charging and 
discharging of the modified cell, the organic functional groups on the graphite film 
might play a glue-like role in retaining sulphur and polysulphides114. Moreover, in the 
graphite film, there are evident cracks (Figure 5.3c), which might have been introduced 
by the hydrothermal treatment. In the closed environment of the autoclave at 120°C, a 
temperature above the boiling point of water, the water vapour might strongly interact 
with the graphite film and produce some channels in it. In another work213, a certain 
ratio of carbon black was mixed with reduced graphene oxide to form a free-standing 
paper for a new Li-S battery configuration, and the function of the carbon black was to 
produce channels, which enabled the transportation of electrolyte and lithium ions. As 
can be seen from Figure 5.3d, the graphite film is composed of carbon nanosheets 
stacking with each other. The nanosheets behave as the reaction sites for the active 
sulphur species. 
The electrochemical performances of cells with and without a graphite film are 
presented in Figure 5.4. Typical electrochemical reactions are revealed by the CV 
results (Figure 5.4a). The cathodic peaks at 2.00 V and 2.23 V correspond to the 
two-step reaction from elemental sulphur to insoluble Li2S2 or Li2S through 
intermediate soluble polysulphides (e.g., Li2S8, Li2S6 and Li2S4). The overlapping 
anodic peaks at 2.45 V relates to the inverse reactions, i.e., lithium sulphides are 
oxidized to lithium polysulphides and elemental sulphur. Initial discharge/charge 
voltage profiles for the first cycles present one discharge plateau at ~ 2.0 V, followed by 
a long slope (Figure 5.4b). While for the following two cycles, there are two discharge 
plateaus: the first at ~ 2.3 V and the second at 2.1 V. The two cycles show high 




Figure 5.4 Electrochemical performance of the Li-S battery with cathode material 
of core-shelled sulphur@Super P and graphite film between the separator and the 
cathode. (a) A typical CV curve of the Li-S battery with new configuratioin. (b) 
charge/discharge voltage profiles for the first and second cycles of the Li-S 
battery with new configuration. (c) Charge voltage profiles at the beginning stage 
of the initial cycles for the cells without and with sandwiched graphite film. (d) 
Capacity retention and the corresponding coulombic efficiency of the cells 
without and with sandwiched graphite film. 
It is noted that for the first cycle, the discharge voltage plateau is more negative than the 
following cycles. This phenomenon can be attributed to the affected electrochemical 
reactions between lithium ion and sulphur owing to the addition of the graphite film95. 
Further investigation is needed to unveil the exact mechanism. Moreover, compared to 
the cell without the graphite film, the beginning stage of the charge process exhibits a 
much lower polarization, demonstrating that the graphite film functions as a 
pseudo-substrate for the sulphur cathode (Figure 5.4c). The graphite film enables much 
higher capacity, markedly decreased capacity decay and higher electrochemical stability 
(Figure 5.4d). The cell with the graphite film exhibits a high initial capacity of 1068 mA 
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h g-1. After 50 cycles, the retained capacity is 631 mA h g-1, triple that of the 203 mA h 
g-1 for the cell without the graphite film. 
 
Figure 5.5 Characterization of the cathode and the graphite film after 
charge/discharge. (a) XRD patterns of the cathode before and after 
charge/discharge. (b) Raman spectra of the graphite film before and after 
charge/discharge. (c) The SEM image  of the graphite film after 
charge/discharge and the corresponding XEDS elemental maps for (d) C, (e) O, 
and (f) S. 
In order to exclude the capacity contributed by the graphite film, a Li/graphite film 
battery was assembled. The contribution from the graphite/Li+ intercalation process was 
36 mA h per gram of sulphur, which takes place only ten percent of the whole 
improvement of capacity. It can be revealed that the graphite film only functions as a 
polysulphide blocking layer instead of an electrode. It is noted that the graphite/Li+ 
intercalation happens at a voltage below 0.2 V, while the voltage window here applied 
is from 1.7 V to 2.6 V. Also, the Coulombic efficiency of the Li-S battery with the new 
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configuration stabilizes at near 100%, compared to the 94% for the conventional cell 
configuration. The improved Coulombic efficiency indicates that the sandwiched 
graphite film plays an important role in suppressing the polysulphide shuttling. 
The function of the graphite film was further studied by disassembling the cell and 
examining the cathode and the graphite film using XRD, XPS, SEM and EDS (Figure 
5.5). After 10 cycles, the XRD peaks for sulphur disappear, with only peaks for the 
aluminium substrate remained, showing that the sulphur in the cathode has turned 
amorphous (Figure 5.5a). Moreover, the XPS S2p spectrum shows three peaks centred 
at around 170, 165 and 160 eV (Figure 5.5b). The values of these three peaks match 
very well with the literature214, from which they can be assigned to S6+, elemental S, and 
S2-/S-, respectively. The S6+ species could be assigned to residue lithium salt from the 
electrolyte, while S, S- and S2- are ascribed to the products of the electrochemical 
reactions that take place on the graphite film. This observation proves that the graphite 
film locating between the separator and the cathode provides extra place for the 
electrochemical reactions in the Li-S battery. The sulphur species on the graphite film 
originate from the solvable polysulphides, that is, the intermediate products in the 
transformation between the end products of sulphur and Li2S (Figure 5c-5f). The 
polysulphides are retained by the functional groups in the graphite film. Hence, they can 
stay on the graphite film and be oxidized or reduced in the charge/discharge process. In 
this way, the graphite film functions as a pseudo-substrate, greatly enhancing the 




A hydrothermally treated graphite film was sandwiched between the sulphur cathode 
and the separator. The functional groups on the graphite film play an important role in 
retaining the solvable sulphur species. Owing to the improved utilization of active 
material, the specific capacity was significantly improved for the new configuration. 
The graphite film in the Li-S cell acts as a blocking layer against soluble polysulphides 
and provides additional reaction sites for the sulphur species. After 50 cycles, the cell 
with the graphite film retained a capacity which was almost triple that of the cell 
without the graphite film. Also, the Coulombic efficiency was increased from around 94% 
to near 100%, indicating a much more stable Li-S battery. 
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6 CHAPTER 6 AN ION SELECTIVE SEPARATOR FOR 
LITHIUM-ORGANIC BATTERIES 
6.1 Preface 
Electroactive organic molecules as cathode materials have regained researchers' interest 
in recent years, after being overwhelmed by LiCoO2 and similar intercalation cathode 
materials for decades.14, 16, 28, 145-149 With the intensive research and development that 
have been conducted both in the academy and in industry, the conventional insertion 
cathode materials have gradually reached their intrinsic limits in terms of capacity and 
energy density. In addition, the associated pressure on the environment and resources 
has become increasingly greater, due to the great demand for the metal oxide ores. 
Therefore, greater attention has been paid to next-generation cathode materials with 
high energy density and a low ecological footprint.  
Organic molecules, owing to their merits, such as cost-effectiveness, sustainability, 
chemical tunability, and environmental-friendliness,150-153 have been considered as a 
promising alternative to the conventional intercalation cathode materials. The organic 
electrode molecules and their corresponding semidischarge and discharge products, 
however, are normally easily dissolved in the organic liquid electrolyte, which causes 
serious problems, including serious self-discharge and unstable cycling. Taking organic 
carbonyl electrode materials as an example, the carbonyl groups are reduced at 
discharge and oxidized to the original state at charge. After being dissolved in the 
electrolyte, the electroactive organic species accumulate and become inactive at the 
cathode/separator interface and inside the micropores of the polymer separator, and they 
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also migrate to the lithium anode to form an unstable solid electrolyte interphase on the 
anode surface. This irreversible loss of the electroactive species results in unstable 
batteries. In addition, the organic carbonyl anions shuttle between the cathode and the 
anode, as in the case of the “polysulphide shuttling problem” in lithium-sulphur 
batteries, leading to unstable cycling and poor Coulombic efficiency. 116, 173, 215, 216 In 
this regard, strategies such as polymerization217, 218 of electroactive small molecules or 
the use of polymer electrolytes219, 220 (e.g., polyethylene glycol (PEG) or polyethylene 
(PEO) based ones) are applied to reduce the solubility, although the polymerization 
reactions or the preparation of the polymer electrolytes could be complicated or involve 
tedious processing steps. 
The separator221 in a battery system plays an important role in physically and 
electronically separating the cathode and anode to prevent short circuits, while allowing 
wetting by the electrolyte and the transport of lithium ions between the electrodes. 
Whether at charge or discharge, the lithium ions flow inside the cell, and the electron 
transfer along the external electrical circuit involves binary cooperative complementary 
particle movements in the lithium battery system.222 The separator is hence a key 
component that is needed to make the battery function as a energy storage system, 
transforming chemical energy into electric energy at discharge, and vice versa at charge. 
Actually, besides this fundamental role, the separator can be endowed with additional 
serviceable functions by applying new configurations or materials, in order to overcome 
some specific practical problems. For example, to improve its safety and endurance, 
commercial polymer separator was coated by ceramic particles (e.g., nanosized Al2O3 
powder).223 The resulting better wettability of the separator by the electrolyte 
significantly improves the lithium anode stability and the long-term cycling 
performance.224, 225  
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For cathodes (e.g., sulphur) with the problem of dissolution of the electroactive species, 
there have been mainly two directions towards the functionalization of the separator. 
One strategy is applying ion-selective materials (e.g., Nafion®,119, 226 lithium superionic 
conductor,131, 132 V2O5,
125 and reconstructed graphene oxide membrane127) to block the 
electroactive anions (e.g., polysulphides in lithium-sulphur batteries) on the cathode 
side but not affect the lithium ion transport. The other strategy is coating a layer of 
conductive carbon on the polymer substrate, so that the coated carbon layer acts as an 
upper current collector to improve the active material utilization.227 In contrast, although 
the lithium-organic battery is also plagued by similar dissolution problems to the 
lithium-sulphur battery, related studies on the separator are rare.161 
Herein, we demonstrate a thin bicomponent laminate composed of graphene oxide (GO) 
and nanoscale conductive carbon, integrating the dual functions of ion-selectivity and 
upper current collector, which is constructed on a polymer substrate as a 
novel-configured separator for stable lithium-organic batteries. Taking carbonyl organic 
electrode materials as an example, the organic molecules and the organic anion 
discharge products are soluble in the electrolyte (Figure 6.1a). With the application of 
the bicomponent-laminate-coated separator, the electroactive species are kept on the 
cathode side, and the utilization is significantly improved (Figure 6.1b).The 
bicomponent laminate is constructed on the polymer substrate through a simple vacuum 
filtration approach (Figure 6.1c). The GO sheets are reconstructed into a film with 
numerous channels between the two-dimensional sheets, which bear negative charge 
originating from the the carboxylic acid and phenolic hydroxyl groups. The negatively 
charged nanochannels selectively allow the fast transport of the counterions (e.g., 
lithium ions) and reject co-ions (e.g., electroactive organic anions). In addition, the 
conductive carbon layer functions as an upper current collector for reactivating the 
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inactive electroactive species. With anthraquinone (AQ) and 
perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) as two examples of organic 
electrode materials, the open circuit voltage (OCV) is effectively stabilized, and the 
cycling stability is greatly improved compared to the electrodes with the pristine 
polymer separator. 
 
Figure 6.1 Schematic illustrations of the dissolution problem for the organic cathode 
and the bicomponent laminate structure on the polymer substrate. (a) The 
electrochemical reaction of an electroactive organic molecule with conjugated carbonyl 
groups. (b) The blocking of the dissolved electroactive organic molecules and anions by 
the bicomponent laminate in a lithium-organic battery. (c) Schematic illustration of the 
preparation of the bicomponent-laminate-coated separator and its functioning 





Anthraquinone (AQ) and perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) were 
purchased from J&K Chemical Co. Graphene and graphene oxide were purchased from 
the Nanjing XFNANO Co. Celgard 2325 with a layered structure of PP/PE/PP and 
thickness of 25 μm was purchased from Celgard Corp. 
6.2.2 Separator coating 
A mixture of graphene oxide and Super P (or graphene) was suspended in deionized 
water (1 mg ml–1) with the help of sonication. 1 ml of the suspension was re-dispersed 
in ethanol (10 ml) and vacuum filtrated to yield a coating layer with areal density of 
around 0.1 mg cm–2 on pristine Celgard 2325 separator. 
6.2.3 Measurements 
The morphologies were observed using field-emission scanning electron microscopy 
(SEM, Hitachi S4800) and transmission electron microscopy (TEM, JEM 1200EX). A 
visual experiment was carried out using an H-type glass cell composed of two halves. 
The electrode was prepared by coating the slurry with AQ onto a nickel foam current 
collector. A constant potential of 2.2 V was applied with lithium as the counter 
electrode. 
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6.2.4 Electrode preparation and battery testing 
The AQ or PTCDA was mixed with Super P and the poly(vinylidene difluoride) (PVDF) 
binder with a weight ratio of 6:3:1, respectively, to form a homogenous slurry, which 
was coated on carbon-coated aluminum foil to form an organic electrode with active 
material loading of 1.6 mg cm–2). CR2032 coin cells were assembled in an argon-filled 
glove box by pairing sulphur cathodes and lithium anodes, and the electrolyte was 1.0 
M lithium bis (trifluoromethanesulphonyl) imide (LiTFSI) in a binary mixture of 
1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (v/v, 1:1). Galvanostatic 
charge/discharge was performed on a LAND battery testing machine (Wuhan, China), 
and a voltage window between 1.7 and 3.5 V was applied. Cyclic voltammetry (CV) 
curves were recorded with a VSP-300 electrochemical workstation with a sweep rate of 
0.1 mV s–1. 
6.3 Results and Discussion 
To obtain the GO/Super-P (SP)-coated or the GO/graphene (G)-coated separators 
(denoted as GO/SP-P or GO/G-P), a mixture of GO/SP (w/w, 1:2) or GO/G (w/w, 1:1) 
was dispersed in deionized water (1 mg ml–1) with the help of an ultrasonic probe. The 
GO/SP or GO/G mixture was well-dispersed (Figure 6.2a), which might have been 
resulted from the electrostatic repulsion between the GO nanosheets with high negative 
charge at the surface, which originates from the carboxylic acid and phenolic hydroxyl 
groups. The zeta potential was determined to be –34 mV, more negative than –30 mV, 
which is commonly considered to indicate a mutual repulsion strong enough to ensure a 
stable dispersion.228 In contrast, the SP or G particles easily precipitate in the 
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corresponding aqueous suspensions due to their low surface charge densities (9 and –11 
mV, respectively). (Figure 6.2b and 6.2c) 
 
Figure 6.2 Digital photographs of suspensions of (a) GO/SP (left) and GO (right), (b) 
aqueous suspension of SP (0.1 mg ml–1) after ultrasonication for 1 h and resting for 1 h, 
(c) aqueous suspension of graphene (0.1 mg ml–1) after ultrasonication for 1 h and 
resting for 1 h, and (d) concentrated AQ solution in the electrolyte. 
The structures of the Celgard triple-layered polypropylene/polyethylene/polypropylene 
(PP/PE/PP) separator (denoted as pristine P) and the coated bicomponent laminate were 
characterized by electron microscopy (Figure 6.3). The pristine P is composed of three 
layers with PE sandwiched between two outer layers of PP, with a total thickness of 
25.8 μm and each layer of PP or PE possessing a similar thickness of 8−9 μm (Figure 
6.3a). The top-view scanning electron microscope SEM image presents the microporous 
structure of the polymer separator (Figure 6.3b). The coated bicomponent GO/SP 
laminate shows a layered structure with SP particles between and on top of the 
crumpled GO films, with a total thickness of 905 nm (Figure 6.3c). The sub-laminate 
structure of the reconstructed GO sheets possesses numerous negatively-charged 
nanochannels; both the thickness of the GO sheets and the width dimension of the 
thus-formed nanochannels are approximately 1 nm.129 The negatively charged 
nanochannels selectively allow the fast transport of lithium ions while rejecting the 
electroactive organic anions. An examination of the top-view image indicates that there  
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Figure 6.3 Electron microscopy characterization of the pristine and the coated separators. 
(a) Cross-sectional SEM image of the pristine Celgard 2325 separator with the 
triple-layered structure of polypropylene/polyethylene/polypropylene (PP/PE/PP). (b) 
Top-view SEM image of the pristine separator. (c) Cross-sectional and (d) top-view 
SEM images of the graphene oxide/Super P (GO/SP) bicomponent laminate. (e) 
Cross-sectional and (f) top-view SEM images of the graphene oxide/graphene (GO/G) 
bicomponent laminate. 
are scattered SP particles (Figure 6.3d) on top of the bicomponent laminate, which 
would have intimate contact with the organic cathode, acting as an upper current 
collector. The cross-sectional and top-view SEM images of the other GO/G 
bicomponent laminate can be seen in Figure 6.3e and 6.3f, respectively. The thickness 
of the GO/G coating layer is ~ 1.4 μm. The surface of the GO/G bicomponent laminate 
is crumpled, owing to the overlapping of the GO nanosheets and the G nanosheets, both 
of which have similar dimensions of several hundred nanometers. Similar to GO/SP, the 
electronic conductivity of the G and the cation selectivity of the layered GO nanosheets 
synergistically improve the active material utilization and the cycling stability. 
To characterize the coated separators, two typical carbonyl organic molecules, i.e., 
anthraquinone (AQ) and perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA), were 
applied as cathode materials in lithium-organic batteries154. AQ (yellow color) and 
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Figure 6.4 Digital photograph (left) and SEM image (right) of the organic molecules of 
(a) anthraquinone (AQ) and (b) perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA). 
Retention of the open-circuit voltage (OCV) of (c) the AQ electrode and (d) the PTCDA 
electrode with the pristine separator and the coated separators with the dual components 
GO/SP and GO/G. Insets: the molecular structures of (c) AQ and (d) PTCDA. 
PTCDA (red color), both of which are rod-shaped particles, possess 2 and 4 carbonyl 
groups in each molecule, respectively (Figure 6.4a and 6.4b). As cathode materials, both 
the AQ and the PTCDA support a two-electron reversible reaction process, which make 
their theoretical capacities 257 and 132 mA h g–1, respectively (Figure 6.5). The other 
two carbonyl groups in the PTCDA molecule can be further reduced only at voltages 
lower than 1.3 V (versus Li+/Li), so they do not contribute to the capacity when PTCDA 
is charged/discharged in the range above ~ 2 V (versus Li+/Li)229. The 
reduction/oxidation potentials of the two organic cathodes are revealed by their cyclic 
voltammetry (CV) curves. The CV curve for the AQ electrode presents a reduction peak 
at ~ 2.2 V and an oxidation peak at ~ 2.4 V (Figure 6.6a). In this ether-based electrolyte 
system, the two steps of the reduction or oxidation reaction cannot be distinguished, but 
are expressed by only one peak230. For the CV curve of the PTCDA electrode (Figure 
6.6b), there are two reduction peaks (at ~ 2.4 V and 2.5 V) and one oxidation peak (at ~ 
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2.7 V). The voltage profiles of the electrodes under galvanostatic charge/discharge 
agree well with the corresponding CV curves (Figure 6.6c and 6.6d). 
 
Figure 6.5 Electrochemical redox mechanism for the two molecules: AQ and PTCDA. 
 
Figure 6.6 Typical cyclic voltammetry (CV) curves and charge/discharge voltage 
profiles of the AQ electrode (a and c, respectively) and the PTCDA electrode (b and d, 
respectively). 
The open-circuit voltages (OCVs) of the AQ and the PTCDA electrodes with the coated 
separators remain significantly more stable than those with the pristine P, as shown in 
Figure 6.4c and 6.4d. The OCVs of the AQ and the PTCDA electrodes with the pristine 
P drop to approximately 1.7 V after resting for 31 and 22 h, respectively, far below the 
discharge voltage plateaus, while those with the coated separators are retained very well. 
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When the battery with the pristine P was rested, the ongoing process of organic 
molecule dissolution inevitably resulted in the OCV drop, which seriously shortens the 
shelf-life of the batteries. In contrast, for the bicomponent-laminate-coated separators, 
the coating layer of GO/SP or GO/G functions as a buffering zone to mitigate the 
migration process of the soluble organic materials, which greatly stabilizes the OCV and 
alleviates the self-discharge of the electrodes. 
The GO/SP or GO/G bicomponent laminate improves not only the OCV stability of the 
AQ or the PTCDA electrode, but also the capacity and the cycling stability (Figure 6.7). 
At 100 mA g–1, the AQ electrode with GO/SP-P or GO/G-P shows higher capacities at 
the initial cycle, and the GO/SP-P in particular exhibits an initial capacity of 233.3 mA 
h g–1, compared to 201.9 mA h g–1 for the pristine P (Figure 6.7a). After 150 cycles, 
both the coated separators show similar capacities twofold that of the 50 mA h g–1 for 
the pristine separator. The greatly improved capacities can also be observed from the 
comparison of the charge/discharge voltage profiles. For instance, the voltage profiles 
for the cells with the GO/SP-P and the pristine P after 100 cycles show similar 
charge/discharge plateau voltages (Figure 6.7b), although the discharge capacity for the 
coated separator is much higher than that for the pristine separator (104 vs. 64 mA h g–1). 
As can be seen from the results, for the AQ electrode, both the GO/SP-P and the 
GO/G-P coated separators have similar effects on the battery performance in terms of 
capacity and cycling stability. 
The effects of the coated separators were also demonstrated using another carbonyl 
organic electrode material, i.e., PTCDA. The GO/SP-P and GO/G-P show greatly 
improved cycling stability compared to the pristine P. In particular, the capacity at the 
200th cycle for the GO/SP-P is 104 mA h g–1, almost triple the 36 mA h g–1 with the  
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Figure 6.7 Electrochemical performances of the anthraquinone (AQ) and the 
perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) electrodes with different 
separators. (a) Cycling behavior of the AQ electrode with the pristine separator and the 
coated separators with the GO/SP and GO/G dual components. (b) Charge/discharge 
voltage profiles of the AQ electrode with the pristine P and the GO/SP-P separators at 
the 100th cycle. (c) Cycling behavior and Coulombic efficiency of the PTCDA electrode 
with the pristine separator and the coated separators with GO/SP and GO/G dual 
components. (d) Charge/discharge voltage profiles of the PTCDA electrode with the 
pristine P and the GO/G-P separators at the 200th cycle. All the current densities are 100 
mA g–1. 
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pristine P. Moreover, the Coulombic efficiency is significantly improved. For the 
pristine P, the Coulombic efficiency gradually drops to around 90% and remains lower 
than 90% for the rest of the charge/discharge cycling. In contrast, both the GO/G-P and 
the GO/SP-P present Coulombic efficiency of nearly 100% (Figure 6.7c). The 
charge/discharge voltage profiles at the 200th-cycle for the GO/G-P and pristine P are 
presented in Figure 6.7d. The results indicate significantly improved capacity and 
similar plateau voltages. Moreover, the superior Coulombic efficiency for the cell with 
the GO/G-P can be observed from the same charge and discharge capacities, compared 
to the inferior Coulombic efficiency for the cell with the pristine P, which shows much 
lower discharge capacity than charge capacity. The demonstration with the PTCDA  
 
 
Figure 6.8 Cycling performance of the GO/SP-P without an organic cathode. 
electrode reveals that both the coated separators, GO/SP-P and GO/G-P, exhibit 
significant positive effects on the battery performance in terms of capacity, Coulombic 
efficiency, and cycling stability. The GO/SP-P in particular shows the best behavior 
among the three separators. 
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Figure 6.9 Typical voltage profile of the GO/G-P without an organic cathode. 
The significantly improved battery performance from several important aspects such as 
the cycling stability and the self-discharge property is ascribed to the thin coating layer 
with dual components of GO and a nanoscale conductive carbon material (SP or G). 
The normalized capacity contributions of the two bicomponent laminates are minor (3 
mA h g–1 for the GO/SP and 7 mA h g–1 for the GO/G, Figure 6.8 and 6.9), and 
therefore most of the enhanced capacity is from the improved utilization of the 
electroactive organic materials due to the separator functionalization. In a bicomponent 
laminate, the GO sub-laminate is composed of reconstructed GO nanosheets, which 
form nanochannels, with negative charge carried by the functional groups of carboxylic 
acid and phenolic hydroxyl. The width dimension of the negatively charged 
nanochannels (~ 1 nm) is comparable to the Debye length, so that they reject the 
transport of anions but allow fast migration of lithium ions.231 Because of this, the 
electroactive organic anions are retained on the cathode side of the lithium-organic cell. 
Moreover, the other sub-laminate composed of nanoscale conductive carbon (SP or G) 
acts as an upper current collector, reactivating the inactive electroactive organic 
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molecules/anions at the cathode/separator interface. Both the GO and the SP (or G) 
components synergistically increase the utilization of the active material and hence 
improve the capacity, the cycling stability, the Coulombic efficiency, and the 
anti-self-discharge capability of the cell. 
To understand the functioning mechanism of the bicomponent laminate on the separator, 
ex-situ characterizations were carried out. Similar to the solubility problem arising from 
the intermediate products of “polysulphides” in lithium-sulphur batteries, the small 
organic molecules, the intermediate products, and the discharged anions are easily 
soluble in the ether-based electrolyte. For example, AQ molecules are easily soluble in 
the electrolyte, and the concentrated solution presents a yellow color (Figure 6.2d). 
With the AQ electrode, two cells containing the pristine P and GO/SP-P separators were 
rested for 10 h and then disassembled. For the cell with the pristine P, both the separator 
and the lithium anode (Figure 6.10a) were contaminated by AQ-related organic species. 
In contrast, the lithium anode which was coupled with the GO/SP-P was 
uncontaminated (Figure 6.10b). Moreover, the much smoother surface of the lithium 
anode which was coupled with the GO/SP-P indicates lighter contamination than that 
with the pristine P (Figure 6.10c, 6.10d). The inhibited contamination of the lithium 
anode coupled with the GO/SP-P suggests that the GO/SP bicomponent laminate on the 
polymer membrane substrate accommodates and blocks the dissolved AQ-related 
organic species very well, which is the reason for the more stable OCV and much 
higher initial capacity when using the modified GO/SP-P or GO/G-P separators. 
Furthermore, the permselectivity of the bicomponent laminate of GO/SP was 
demonstrated by a visual diffusion experiment conducted with an H-type glass cell. It 
can be seen that, in the case of the pristine P after 24 h, the organic molecules and 
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Figure 6.10 Digital photographs and SEM images of the lithium anodes after the cells 
were rested for 10 h and disassembled. Digital photographs of the lithium anode with 
pristine P (a) and GO/SP-P (b) separators. (c) SEM images of the lithium anode with 
pristine P (c) and GO/SP-P (d) separators. 
anions dissolved on the left side have diffused to the right side (Figure 6.11a, 6.11b). In 
contrast, with the GO/SP-P, the active materials have been blocked, and the right side 
remains colorless after the same length of time (Figure 6.11c, 6.11d). The cation 
permselectivity of the GO/SP laminate originates from the GO sub-laminate, which 
possesses abundant negatively charged nanochannels between the reconstructed GO 
sheets. Actually, the reconstructed GO sheets are the basic configuration of the 
bicomponent laminate and are needed for forming a dependent membrane and 
accommodating the SP particles. The GO sheets overlap with each other and produce 
negatively charged nanochannels with a width dimension comparable to the Debye 
length, thereby regulating the ion transport by allowing the fast migration of lithium 
ions and rejecting the electroactive organic anions129, 232 
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Figure 6.11 Visual demonstration of the retention of the electroactive organic species by 
a bicomponent-laminate-coated separator. (a, b) The diffusion of colored AQ-related 
species in an H-type glass cell with AQ cathode, pristine PP/PE/PP separator, and 
lithium anode at a potential of 2.2 V. (c, d) The diffusion of AQ-related species in an 
H-type glass cell with AQ cathode, GO/SP-PP/PE/PP separator, and lithium anode at a 
potential of 2.2 V. 
6.4  Conclusions 
In summary, we have demonstrated a new strategy involving separator modification in 
lithium-organic batteries with carbonyl organic cathode materials,  AQ or PTCDA in 
this work, by coating a bicomponent laminate (GO/SP or GO/G) on commerical 
Celgard 2325 separator. Both the bicomponent laminates have a thickness of ~ 1 μm 
and areal density of ~ 0.1 mg cm–2. For both cathodes, the OCV stability and the cycling 
stability were greatly improved by using the bicomponent-laminate-coated separators, 
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compared to the pristine separator. For instance, the cell with the GO/SP-P has almost 
triple the capacity of the cell with the pristine P (104 vs. 36 mA h g–1) after 200 cycles 
at 100 mA g–1. The advanced performance of these lithium-organic batteries is 
attributed to the synergetic functions of the dual components in the coating laminate: the 
rejection of the electroactive organic anions by the negatively charged nanochannels 
between the reconstructed GO sheets and the reactivation of the dissolved electroactive 
organic species by the nanoscale conductive carbon as upper current collector. This 
novel strategy of separator coating with a bicomponent laminate can be extended to 
lithium-sulphur batteries and other similar electrochemical energy storage systems with 
the problem of dissolution of the electroactive materials. 
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7 CHAPTER 7 CONCLUSIONS AND OUTLOOK 
7.1 Conclusions 
In my thesis, two types of lithium-based batteries, including Li-S and Li-organic 
batteries, have been investigated. In these two promising battery systems, a common 
problem is the dissolution and shuttling of the electroactive species, which results in 
quick capacity decay, unstable solid-electrolyte interface at the anode and poor 
Coulombic efficiency. Targeting at this common issue, varied membrane strategies have 
been applied for obtaining stable Li-S and Li-organic batteries. An 
ion-transport-regulating membrane has been applied on the sulphur/carbon cathode to 
facilitate the transport of lithium ions and suppress the dissolution of polysulphide 
anions, leading to long-cycle high-rate Li-S batteries. A commercial carbon film, after 
hydrothermal treatment, has been used as an interlayer between the cathode and the 
separator, resulting in improved active material retention, capacity, cycle life and 
Coulombic efficiency. With respect to the Li-organic battery, a novel ion-selective 
separator prepared by coating a thin layer of graphene oxide/conductive carbon on a 
porous polyolefin substrate has been exploited and highly stable batteries with enhanced 
Coulombic efficiency has been obtained. 
A sulphonated aromatic polymer, SPEEK, has been prepared and integrated into sulphur 
cathodes for high-rate Li-S batteries. SPEEK contains both hydrophobic domain of 
polymer backbone and hydrophilic domain of sulphonate groups. The ion interactions 
of negative sulphonate groups form negatively charged nanochannels, which facilitate 
the transport of the Li+ ions and reject the anions (including the Sx
2- ions), resulting in 
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high-performance Li-S batteries. For instance, at an ultrahigh rate of 18 C, a high 
capacity of 612 mA h g–1 can be kept for 250 cycles. Furthermore, at a high current 
density of 28.9 A g−1-(C+S+SPEEK), the specific capacity reaches a high level of 135 
mA h g–1, comparable to the best results of conventional lithium-ion batteries. It is 
believed that this novel design of the integrated sulphur cathode with polymer 
membrane regulating ion transport and porous carbon enhancing electron transfer could 
open up new opportunities for revolutionizing the traditional ways of advancing battery 
systems. 
A hydrothermally treated graphite film was sandwiched between the sulphur cathode 
and the separator. The functional groups on the graphite film play an important role in 
retaining the solvable sulphur species. Owing to the improved utilization of active 
material, the specific capacity was significantly improved for the new configuration. 
The graphite film in the Li-S cell acts as a blocking layer against soluble polysulphides 
and provides additional reaction sites for the sulphur species. After 50 cycles, the cell 
with the graphite film retained a capacity which was almost triple that of the cell 
without the graphite film. Also, the Coulombic efficiency was increased from around 94% 
to near 100%, indicating a much more stable Li-S battery. 
A new strategy involving separator modification in lithium-organic batteries with 
carbonyl organic cathode materials of AQ or PTCDA by coating a bicomponent 
laminate (GO/SP or GO/G) on the commerical Celgard 2325 separator has been 
reported. Both the bicomponent laminates have a thickness of ca.~ 1 μm and areal 
density of ca.~ 0.1 mg cm–2. For both the cathodes, the OCV stability and the cycling 
stability have beenwere greatly improved by using the bicomponent- laminate-coated 
separators, compared to the pristine separator. For instance, the cell with the GO/SP-P 
has almost triples the capacity of the cell with the pristine P (104 vs. 36 mA h g–1) after 
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200 cycles at 100 mA g–1. The advanced performance of these lithium-organic batteries 
are is attributed to the synergetic functions of the dual components in the coating 
laminate: the rejection of the electroactive organic anions by the negatively charged 
nanochannels between the reconstructed GO sheets and the reactivation of the dissolved 
electroactive organic species by the nanoscale conductive carbon as upper current 
collector. This novel strategy of separator coating with a bicomponent laminate can be 
extended to lithium-sulphur batteries and other similar electrochemical energy storage 
systems with the dissolution problem of dissolution of the electroactive materials. 
7.2 Outlook 
This thesis focuses on two promising next-generation battery systems, i.e., Li-S and 
Li-organic batteries, which are prospective energy storage systems in the future for 
building up a sustainable and economy-effective society. However, both the sulphur and 
the organic cathodes are plagued by the similar problems of (1) poor conductivity and 
(2) electroactive material dissolution and shuttling. 
To improve the conductivity of the sulphur and the organic cathodes, porous carbon 
materials with high surface area are highly desired. Microporous or mesoporous carbon 
materials incorporating nano-sized sulphur or organics are expected to exhibit stable 
cycling. The carbon materials can be modified with certain polymers to construct 
chemical gradient, which might further retard the dissolution of the electroactive species. 
Other species like metal elements can be used for doping the carbon materials to create 
a favored environment for the electrochemical reactions. The design of the porosity of 
the carbon materials needs further attention, considering the different chemistries that 
may happen in the pores with dimensions less than 1 nm. Besides carbon materials, 
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metal oxides with inherent polarity are also expected to form composites with sulphur 
or organics for high-performance batteries. Conductive polymers are another appealing 
candidate to coat the sulphur or organics for high capacity and long cycle life. In short, 
developing new host materials of carbon materials, metal oxides or conductive 
polymers is a universal strategy for the advance of the sulphur or organic cathodes. 
Polymer binders as a small portion of electrodes, however, might greatly affect the 
performance. Polymers with high adhering ability can tightly bind the active materials 
and the conductive agent on the current collector. Also, good compatibility with the 
other components in the electrode is an important requirement for the polymer binder. 
Polymers with functional groups like carboxylic or sulphonate might enhance the ionic 
conductivity of the electrode for the hopping mechanism of the functional groups. The 
type of material and the amount of the binder need careful adjusting to achieve the 
optimal electrochemical performance.   
The advance of electrolytes can also be expected to play an important role in 
constructing stable Li-S and Li-organic batteries. New Li salts and solvents are to be 
developed for further improvement of the batteries. Also, different solvent mixtures 
need further investigation, for varied solvents have different solubility for the Li salts 
and might have different effects on the formation of the SEI layers. Additives are also 
critical for stable SEI films, which is key for the electrochemical performance. Ionic 
liquids can also be explored as the solvent for mediating the self-discharge properties of 
the Li-S or Li-organic batteries. 
The separator, which locates between the cathode and the anode, is an important 
component in the Li-S or Li-organic battery. Typically, the separator is a porous 
polyolefin membrane allowing the transport of lithium ions and preventing physical 
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contact between the cathode and the anode. In order to prevent the diffusion problem of 
the dissolved electroactive species, functional separators that are capable of selectively 
permeating ions are highly desired. Independent or dependent ion-selective membranes 
that are capable of transporting lithium ions but rejecting negative ions are expected to 
improve the active material utilization and achieve long cycle life. Besides, separator 
coating with conductive carbon on the side facing the cathode is an effective way, 
because the conductive coating acts as upper current collector to improve the utilization 
of the active material. 
Both Li-S and Li-organic batteries are promising candidates for next-generation 
high-energy batteries. However, to achieve successful commercialization, further 
improvement in terms of the cathode, the binder material, the electrolyte and the 
separator is needed. Moreover, the study of the lithium metal anode will be critical for 
the practical implementation of these two battery systems. New chapters for the energy 
storage technology surely will be opened when these cost-effective and 
environmental-friendly batteries can be successfully commercialized, before which 
intense efforts should be made on the scientific and technological investigation. 
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